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GENERAL INTRODUCTION 
The high cost of electricity and fossil fuels has caused swine 
producers to become increasingly aware of on-farm energy consumption. 
This awareness has resulted in producers wanting to know and understand 
how building construction and operation affect the energy demand of 
environmentally controlled facilities. The first section of this 
dissertation addresses the problem of energy consumption by predicting 
energy demands for swine in cold weather. The research project, sponsored 
by the Iowa Energy Policy Council, consists of a simulation model that 
predicts the thermal and electrical demand of an environmentally 
controlled building based on the level of building insulation and the 
minimum winter ventilation rate. This study determined that the heat 
loss in the ventilation air much exceeds the heat loss through the 
building envelope. In addition, floor type plays an important role in 
determining energy demand. Buildings with fully slotted floors, 
ventilated at published recommended winter rates, consistently showed 
relative humidities below the desired minimum. Increasing relative 
humidity through a decrease in air exchange would result in lowering 
total energy use. 
Based on the conclusions of the first study, a second investigation 
(reported in Section II) was undertaken to determine the measurable 
physical parameters having the greatest effect on room moisture 
production of a fully slotted-floor nursery facility and to develop a 
mathematical model predicting the quantity of moisture that must be 
removed by the ventilation system. 
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SECTION I: 
ENERGY DEMANDS FOR PRODUCING SWINE IN CONFINEMENT 
IN COLD WEATHER: A SIMULATION MODEL USING 
SHORT TIME-INTERVAL CLIMATOLOGICAL DATA FROM IOWA 
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INTRODUCTION 
Environmentally controlled swine facilities have aided the swine 
producer in improving animal performance while, in many cases, reducing 
labor requirements. In recent years, the benefits of environmentally 
controlled swine housing have been challenged by the rising costs of 
providing energy for that environmental control. Before detailed economic 
analyses of complete swine production systems can be made, it will be 
necessary to re-evaluate the relation between energy use by a building and 
the desired environment in that building. 
The most productive environment for a pig is related to the pig's 
age and its role in the herd; that is to say, new-born pigs have quite 
different environmental requirements from breeding boars, for example. 
Heitman et al. (1958) determined that there was one optimum temperature 
for any given pig weight (Figure 1). Hazen and Mangold (I960), however, 
were able to show that performance on solid floors was not seriously 
compromised if the temperature around the pig fluctuated within a 
restricted range (Figure 2). 
Although the engineering aspects of environment control in livestock 
housing are fairly we11-understood, little consideration has been given to 
energy use. In the design of a swine facility, heating and ventilation 
equipment is most common I y chosen in relation to temperature extremes, 
rather than in relation to a compromise between minimum energy use and 
acceptable performance. Consequently, there exists only superficial 
information on annual energy demands and virtually none on day-to-day 
variations. 
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OBJECTIVES 
The overall objective of this research project was to develop a 
computer model to predict the thermal and electrical energy required to 
provide a controlled atmospheric environment for life-cycle swine 
production. The inputs to the model were short time-interval January 
climatological data recorded in central Iowa (Des Moines airport weather 
station). January was chosen because it is the "coldest" month in the 
year and would result in the greatest supplemental heat requirements. 
The model was used to examine: 
1. The effect of varying the level of building insulation. The 
range of insulation values chosen represents present commercial 
practice in Iowa. 
2. The effect of varying the minimum winter ventilation rates using 
standard recommended values. 
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REVIEW OF LITERATURE 
A number of models predicting the thermal environment in livestock 
confinement buildings have been reported in the last decade. Most of 
these models use the digital computer to perform complex calculations on 
numerous equations. Prior to the use of computers, livestock environment 
analysis was confined to steady-state relationships. These recent 
developments allow prediction of the changes in a building's internal 
environment when exposed to transient or periodic external conditions. 
These computer models are very helpful because they can identify factors 
having the greatest effect on the internal environment. 
Jordon et al. (1968) used a Fourier series to develop a harmonic 
analysis for modeling the internal temperature of a livestock facility. 
Factors used in the calculations were ventilation, animal heat produced, 
conduction through the building envelope, and thermal storage. Although 
the model predicted temperatures lower than those measured in an 
occupied, ventilated building, prediction of inside temperature fluc­
tuations was realistic. An analog computer was used to solve the open 
mathematical expression. 
Albright and Scott (1974a, 1974b) developed a closed form, periodic 
Fourier series using ventilation, solar energy, thermal storage, sensible 
heat production, and conduction to predict inside temperatures of a live­
stock facility. The model's validity was tested on a poultry house in 
California during warm weather. The agreement between the model and 
measured temperatures was excellent. In addition, Albright and Scott 
noted that varying the ventilation rate in the model from 2 to 7 ft^/min-
bird only changed the maximum inside temperature predicted by 4°F (from 
8 
93 to 89°F, respectively). Because fan power Is proportional to flowrate, 
the result indicated that summer ventilation rates should be examined 
very carefully to avoid using excess energy in return for negligible 
improvement in performance. 
Wilson (1970) used a finite difference solution considering conduc­
tion, sensible heat gain, thermal storage, and solar heat gains to solve 
for temperatures in an unventilated, unoccupied building. The results 
indicate the importance of solar energy as it affects the inside tempera­
ture and produces an earlier daily-peak inside temperature. 
In each of the above-mentioned models, the building was analyzed 
using a constant or no ventilation rate. Where ventilation was used, it 
was not based on the livestock heat and moisture production. Ideally, 
when the outside temperature dictates that supplemental heat is required 
because the inside temperature drops below the animal's comfort zone, the 
ventilation rate required is to control moisture. When the inside 
temperature is within or above the comfort zone, the ventilation rate 
required is to control the temperature. 
In practice, moisture and temperature ventilation rate curves are 
calculated for a building for the expected range of outside temperatures. 
The Midwest Plan Service (1977) outlines these basic methods. Often a 
minimum winter ventilation rate Is specified to ensure proper air dis­
tribution. Figure 3 illustrates the relative positions of the ventilation 
curves of a typical nursery facility. Once the ventilation curves are 
plotted, the ventilation system and necessary supplemental heat can be 
determined. The Midwest Plan Service (1977) provides guidelines for 
determining fan capacity to aid in the ventilation system design. 
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Figure 3. Ventilation curves of a nursery building 
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One of the more sophisticated models, using ventilation rate based 
on moisture and temperature balances, was developed and documented by 
Barlott and McQuitty (1974, 1976). The model was used to determine the 
inside temperatures of a confinement livestock building. The basis of 
their simulation is a model developed by Feddes et al. (1973). The Feddes 
model was first modified by incorporating a program to calculate the 
2-transfer functions (surface response factors) documented by Mitalas and 
Arseneault (1972) for calculating the transient heat transfer through 
walls and roofs. A second modification uses the external environment, 
building construction type, ventilation and air-conditioning criteria, 
and management practices. 
Barlott and McQuitty's model consists of seven basic parts which 
are: solar heat gains, conduction heat transfer, attic gains and losses, 
surface temperatures and heat fluxes, heat and moisture loads, and hourly 
ventilation rates. 
Instrumenting a swine-finishing barn for a period of 72 hours, 
Barlott and McQuitty concluded: 
"The validation of the model indicates that the model 
cycles and effectively predicts the dynamic nature 
of the thermal environment within total confinement. 
However, the predictions are very sensitive to the 
accuracy of input data." 
Sensitivity tests performed on the model indicated the most 
important variables were the attic temperatures (the incoming air) and 
heat and moisture production within the building. Barlott and McQuitty 
also found the estimates of heat and moisture lost by swine were probably 
the least reliable of all factors contributing to the temperature and 
humidity conditions within the unit. 
n 
Although the models discussed previously predicted the performance 
of an existing building, they did not incorporate economic factors. Opti­
mizing a building involves balancing energy cost with construction cost. 
Christianson and Hellickson (1977) developed a generalized computer 
program for optimizing environmentally controlled livestock buildings. 
The model balances the heat and moisture production within the building 
with solar heat gains, conduction heat transfer, thermal storage, and heat 
transfer through ventilation and air infiltration. The model uses 
monthly climatic data consisting of average minimum and maximum daily 
temperatures, average minimum and maximum relative humidities, average 
ratio of actual insolation to expected clear-day insolation at the ground 
surface, solar coefficients and the number of days per month. The com­
puter's primary outputs are insulation thickness, equivalent building 
thermal resistance, heating and ventilation equipment size and cost, and 
operating and fixed costs. 
Christianson and Hellickson concluded that supplemental heating and 
insulation costs were the primary factors in optimizing the design of 
environmentally controlled buildings. In addition, one result of their 
analyses indicated that insolation has minimal effect on conventional, 
insulated buildings. The annual solar heat transfer savings In heating 
costs for a 200-head, 5CT minimum temperature beef confinement unit with 
no windows, located in Brookings, South Dakota, was $11.82. 
Carpenter and Randall (1975) examined the effect of insulation on 
loss of pig performance in Britain. Their hypotheses were that no sup­
plemental heat is used in a finishing building and that there is some 
minimum ventilation rate based on the original building design. Mean 
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outside temperatures over 4-hour intervals were used for a period of 10 
years from three locations. This information was manipulated to give 
the fraction of the year for which the temperature lay in a ST band. 
Because low-temperature performance was of major concern. Carpenter and 
Randall then calculated the lowest outside temperatures that could be 
tolerated for a minimum acceptable internal temperature of 64°F. These 
outside temperatures were calculated for a range of insulation values. An 
expression in the form of a sum of terms was then developed, giving the 
cost of allowing productivity to drop due to temperature, plus the cost of 
providing insulation. Because the cost function was a summation, Carpen­
ter and Randall fitted the temperature deviations to a logarithmic model 
so that they could calculate a minimum cost as a function of insulation 
value analytically. Their results show that for given input information 
(e.g., penalty per °F drop, cost of insulation), there was one value of 
insulation for minimum economic loss. In addition, the results indicated 
that if insulation is inexpensive, then little additional penalty was 
incurred if more insulation was added than the minimum. But, if less 
than minimum-cost insulation was applied, the result was a severe econom­
ic penalty. 
Stevens et al. (1976) developed a model to determine the relationship 
between fuel conservation and swine performance. The fuel-conservation 
portion of the model involved the basic equations for ventilation and 
building heat loss. As expected, the results indicated that decreasing 
the inside temperature of a growing-finishing swine facility will save 
significant quantities of energy with only a small increase in feed con­
13 
sumption. It was also determined that increasing the slotted-floor area 
by 25 percent can reduce the heat-energy consumption approximately 12 per­
cent because animal sensible heat is consumed when evaporating moisture 
from the solid floor. 
14 
COMPUTER SIMULATION DESCRIPTION 
A computer simulation was developed to predict the thermal and elec­
trical energy required to provide a controlled atmospheric environment for 
life-cycle swine production. The model used outside dry-bulb and dew-point 
temperatures recorded at 3-hour intervals over the period 1964 to 1975. 
These temperatures were used in conjunction with building and animal inputs 
to evaluate an energy budget for a building. The thermal-energy components 
considered were: heat transfer through the building envelope, sensible 
heat production of the animals, heat gain of the ventilation air, and solar 
heat gain (Figure 4). 
Rigorous analysis of the thermal environment of a building requires 
inclusion of heat storage in the mass of the building. These analyses are 
complex and require much computer time and were originally developed for 
buildings designed for human occupancy; such buildings are typically 
constructed of large masses of concrete and steel. A livestock building, 
however, typically has a low-mass shell of timber and sheet metal. Albright 
and Scott (1977) have suggested that ignoring the heat-storage effect is 
not a significant error during cold weather when the difference between 
inside and outside temperatures is great compared to the diurnal variation 
in outside temperature. Because all calculations were related to January 
conditions, the analyses in this report have neglected heat-storage effects 
and have treated each 3-hour period as a steady-state condition. It should 
also be noted that the animal's moisture and heat production was not modi­
fied to account for diurnal changes or animal growth. 
SENHT 
ENERGY BALANCE 
QBLD = building conductive heat transfer, Btu/hr 
QSOL = building solar energy gain, Btu/hr 
QVENT = ventilation heat transfer, Btu/hr 
SENHT = sensible heat production of the animais, Btu/hr 
QSUPP = supplemental heat, Btu/hr 
Figure 4. Thermal-energy components of a swine building 
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Model Development 
Building conductive heat transfer 
The conductive heat transfer through the building envelope is: 
=  % f f  "  -  V  [ ' ]  
where ^bld ~ building conductive heat transfer, Btu/hr 
K rf = effective building heat transfer coefficient, 
Btu/hr-F 
Tj = inside dry-bulb temperature, F 
= effective outside surface temperature, F 
The effective building heat transfer coefficient is: 
' % 
where = area of the building surface, ft^ (or length of perimeter, 
ft) 
Rg = surface thermal resistance, hr-ft^-F/Btu (or hr-ft-F/Btu) 
The effective building heat transfer coefficient method increased the 
flexibility of the model to account for buildings not using a ceiling. 
Using the method described by Barre and Sammet (1950), the insulation value 
of the ceiling was combined with the roof when a ceiling was present. 
The effective outside surface temperature is: 
e^ ~ ^ o ^  ^sun [2] 
where T^ = outside dry-bulb temperature, F 
T = sol-air temperature of the surface, F 
sun 
including the sol-air temperature (ASHRAE, 1977) in the determination of 
the conductive heat transfer of the building allowed the use of one 
calculation. 
1 7  
The sol-air temperature of the surface is: 
where = solar radiation on the building surface, Btu/hr-F 
h = outside convection-radiation heat transfer coefficient 
^ of the building surface, Btu/hr-ft^-F 
The solar radiation is discussed later. The heat transfer 
coefficient is the measure of the building's surface to absorb and retain 
energy through the sun radiating on the surface. 
Animal heat and moisture production 
Sensible and latent heat There is often confusion between values 
of sensible and latent heat produced by an animal in isolation versus 
those values obtained when the animal is associated with a specific 
flooring system. The values used throughout these analyses relate to the 
system of the animal and its building. 
Nursery and finishing The sensible heat and moisture production 
of the nursery and finishing swine was predicted by regression equations 
developed by Bond et al. (1959). These equations were based on calori-
metric measurements of hogs ranging in weight from 45 to 380 lb. 
The individual hog heat production equation is: 
TOTHT = i0[2'477+0.034XL0GWT-0.577ATEMP+0.l48(XL0GWT)2+ 
O.710(ATEMP)2-0.313(XLOGWT)ATEMP] [4] 
where TOTHT = total hog heat production, Btu/hr-hog 
XLOGWT = logarithm to base 10 of the average hog weight 
ATEMP = 1/100 of inside air temperature, F 
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The individual hog moisture production is: 
AMOIS = io["°'96l+0'29THGWT1-0.785ATEMP-0.)46(HGWTI)ATEMP-
0.029(HGWT1)2+1.375(ATEMP)2]MgMT [g] 
where AMOIS = hog moisture production, lb water/hr-hog 
HGWT1 = 1/100 of hog weight, lb 
MGMT = management factor for moisture production 
The management factor used to account for floor type and/or manage­
ment practice was developed by Harman et al. (1968). The calorimeter data 
of Bond et al. were taken from a test chamber with solid floors. No 
bedding was used, but the floors were cleaned twice daily. Harman et al. 
measured the total heat and moisture production from a fully slotted-
floor building. The total heat remained unchanged. The water vapor 
production was 42% of the solid floor. For the partly slotted-floor 
house, the moisture production can be assumed proportional to the percent 
of slotted floor. 
The sensible heat production is: 
SHT = T0THT-AM0IS(1044) [6] 
where SHT = hog sensible heat production, Btu/hr-hog 
1044 = latent heat of vaporization, Btu/lb water 
Farrowing Bond et al. (1959) determined the moisture and sensible 
heat produced by a sow and litter was related to the age of the litter 
group. From Figure 5, the sensible heat value was estimated at 1000 Btu/hr 
per sow and litter. The moisture production (reported as latent heat) was 
also estimated at 1000 Btu/hr. These values are often cited as the design 
criteria for farrowing ventilation systems. Research by Bundy (1978) 
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Figure 5» Sensible and latent heat for sow and litter 
(Solid concrete floor, scraped daily, no bedding used; 
average of observations for three sow and litters.) 
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indicated that the moisture production of sows and litters is considerably 
less than the value by Bond et al. Bundy measured relative humidities in 
two similar chambers, each containing three first litter sows and litters. 
The results showed that the moisture produced by the approximately 300-lb 
sows with litters was similar to the studies by Bond et al. and Harman 
et al. (1968), but with 300-lb hogs. To compare latent heat production 
estimates, the regression equation by Bond et al. (discussed in the 
previous chapter) yields a value of 307 Btu/hr for a 300-lb hog at 70°F on 
a solid floor. Bundy estimated the moisture production at approximately 
360 Btu/hr for a 300-lb sow and litter. Both of these estimates are 
approximately one third of the constant used in this study. The difference 
between Bundy and Bond et al. suggests further research is needed in the 
moisture production in farrowing buildings. 
Similar to the nursery and finishing heat production method, the 
management factor was applied to account for slotted floors. 
Building solar energy gain 
The solar energy portion of the sensible heat balance was expressed 
in the sol-air temperature of the building conductive heat transfer term. 
The solar radiation on the building surface was estimated using a modified 
version of an algorithm documented by the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE, 1971). The algorithm 
calculates the solar position and intensity based on location, date, time 
of day, and cloud cover. The lack of observed solar data necessitated 
using an average cloud-cover percentage. Consequently, all solar radiation 
values used in the model were taken as 60% of clear-day values. The S0% 
21 
value was derived from 11 years of Ames records reported by Baker and 
Klink (1975). 
Ventilation heat transfer 
The sensible heat loss through the ventilation system is: 
mm = "'•"'"EUTRUTI-TO) 
where QVENT = ventilation heat transfer, Btu/hr 
14.4 = constant, Btu-min./lb air-hr-F 
VENTR = building ventilation rate, ft^/min. 
Tl = inside dry-bulb temperature, F 
TO = outside dry-bulb temperature, F 
SVI = inside air specific volume, ft^/lb air 
The specific volume was found using the inside dry-bulb temperature 
and humidity ratio. 
The Inside humidity ratio was calculated using the following equation: 
... AMOIST(SVI) + WO roi 
= éOVENTR 
where Wl = inside humidity ratio, lb water/lb air 
AMOIST = hog moisture production, lb water/hr 
SVI = inside specific volume, ft^/lb air 
60 = constant, min./hr 
VENTR = building ventilation rate, ft^/min. 
WO = outside humidity ratio, lb water/lb air 
22 
Psychrometrics 
The ai r properties required by the simulation were calculated using a 
program documented by Sun (1971). Dry-bulb temperature, used as a common 
input, and one other parameter are required to determine all psychrometric 
properties at any state point. An integer indicator signals which two 
parameters are inputted. Because several parameters were needed for 
programming purposes, the multiple input option was a necessity. The 
subroutine to calculate the air properties, PSYSUN, is listed in Appendix D. 
Inside temperature determination 
The energy-balance equation used to describe a confinement building is: 
QSUPP = QBLD + QVENT - SENHT 
where QSUPP = supplemental heat, Btu/hr 
QBLD = building conductive heat transfer, Btu/hr 
QVENT = ventilation heat transfer, Btu/hr 
SENHT = sensible heat produced by the animals, Btu/hr 
The calculation sequences to determine the inside temperature are 
started by assuming an inside psychrometric condition. For all outside 
weather observations, except the first, the initializing condition is the 
value of the previous observation. (Midnight, January 1, is assigned the 
value Tl = 72°F and RH = 70%.) A value of QSUPP is then calculated for the 
initial condition. If QSUPP is positive (i.e., indicating heat is needed), 
Tl is decremented by one degree and QSUPP is calculated again. The new 
value of QSUPP uses a corrected value of SVI obtained by using the Wl 
relationship described in the previous section. Tl continues to be decre­
mented until QSUPP changes sign from positive to negative OR the preset 
23 
minimum acceptable inside temperature is reached. If the minimum has been 
reached, the program then moves to the next value of outside temperature. 
If QSUPP changes sign before Tl drops to the minimum acceptable value, 
the final value of Tl is found by interpolating between the two values of 
Tl where QSUPP changes sign. If Tl is within 1.0° F of the temperature 
that initiates the operation of the 2nd or 3rd-stage fans, the ventilation 
rate is also found by interpolation. 
A similar procedure is used if the initial condition results in QSUPP 
being negative (i.e., heat must be removed). Tl is incremented by one 
degree and QSUPP is recalculated. Tl is incremented until QSUPP changes 
sign from negative to positive. The final value of Tl is found by inter­
polation. 
Input Data 
The input parameters were categorized into three general areas: solar, 
internal environment, and structural. In addition, the starting day 
(January 1 for this study) and number of hours between observation periods 
(3) were inputted. The starting day and observation period must correspond 
to the weather-data inputs. This serves as a check for the program user. 
Solar 
The inputs used to evaluate the mean theoretical solar energy are 
constant Fourier coefficients (see Appendix A). These constants are applied 
to a Fourier series to calculate the following variables as a function of 
the hour of the year: 
- declination angle, 
- equation of time. 
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- apparent solar constant, 
- atmospheric extinction coefficient, and 
- sky diffuse factor. 
Additional inputs, such as latitude, longitude, and cloud cover for 
central Iowa, were assumed constant and appear in subroutine SOLAR. 
The quantity of solar radiation absorbed by a building surface is 
based on its convection-radiation coefficient and the building's orienta­
tion. These parameters are discussed in "structural" section. 
Internal env i ronmen t 
Internal environmental factors included were minimum and maximum 
inside temperature, stage fan ventilation rates with corresponding initia­
tion inside-air temperatures, number of hogs per group and average weight, 
desired range of inside relative humidity, and management factor for 
moisture production. The inside air temperature, number and weight of 
animals, plus management factor were used to determine the sensible heat 
and moisture production by the animals confined. The desired range of 
inside relative humidity was compared to the inside relative humidity 
predicted by the mathematical model and was used to determine the "degree 
of success" a ventilation system exhibited. 
Structural 
The structural inputs used in the simulation were designated by 
surface. To simplify programming, eight surfaces of the 24' x 80' building 
(four walls, two roof sections, ceiling, and perimeter) were evaluated. 
Each was assigned its appropriate area, thermal resistance, outside convec­
tion-radiation coefficient, solar positioning (orientation), and solar 
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absorptivity. The area and thermal resistance were used to determine the 
surface's effective thermal conductive heat transfer. 
The orientation and solar absorptivity of a surface were used to 
determine the sol-air temperature term of the building's convective heat 
transfer. A surface's orientation was based on its reference to three 
axes: vertical, horizontal to west, and horizontal to south. The position 
of these references with respect to a surface is illustrated in Figure 6. 
Once the angles were determined, the cosines of these angles became the 
inputs to the program. Because only one building orientation was consid­
ered (building length - east to west), these inputs were constant. 
Output Description 
The output consisted of daily and monthly (January) totals for build­
ing heat transfer, building solar-energy gain, ventilation heat transfer, 
supplemental heat required, and the number of hours the inside relatve 
humidity was below or above the desired range. In addition, the average 
daily inside temperature was shown. Ventilation stage fan operation was 
calculated on a monthly basis. The above outputs were determined for 
stages of swine production, several building insulation levels, and recom­
mended minimum winter ventilation rates based on the floor type. The 
stages of swine production were nursery, finishing, and farrowing. 
Because the heat and moisture production of the nursery and finishing 
building was based on the average weight of the animals confined, an aver­
age weight of 50 and 130 lb, respectively, were used to simulate common 
production practices. For all stages of production, the floor type was 
varied to determine the proper ventilation rates for moisture control. 
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Normal to horizontal surface 
Horizontal surface 
Surface in consideration 
Surface tilt angle 
Projection of normal to 
surface on horizontal surface 
Normal to surface 
Figure 6, Angles of surface normal to vertical (a), horizontal 
to West (g), and horizontal to South (X) 
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The range of building-insulation values was chosen to represent com­
mercial practice in Iowa. The wall, ceiling overall insulation values (R 
values) were: 6,6; 9,12; 12,21; and 15,27 hr-ft^-F/Btu. The perimeter had 
an R-value of 2.22. The roof was assumed uninsulated. 
The recommended minimum winter, normal winter and summer ventilation 
rates were based on guidelines from the Midwest Plan Service (1977). 
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RESULTS AND DISCUSSION 
A computer model was developed to predict the thermal and electrical 
energy required to provide a controlled atmospheric environment for life-
cycle swine production. This model determined the optimum ventilation 
rate, based on controlling the inside temperature or maintaining a speci­
fied minimum winter ventilation rate. Supplemental heat was added to 
maintain a minimum inside temperature acceptable for animal production 
performance. A flow diagram and computer listing of the program are shown 
in Appendix C. 
The computer model was used to evaluate the energy demands of nursery, 
finishing, and farrowing buildings having various insulation levels, 
ventilation rates, and floor types. Ten years of 3-hour January weather 
data were applied to the model to determine the average quantities of 
supplemental heat and ventilation-fan operational hours. These two 
parameters were used as the basis of energy-demand comparisons. 
To evaluate the published ventilation rates for controlling moisture, 
the number of hours the relative humidity is not within the desired 
humidity range was recorded. Relative humidities consistently below the 
minimum (50%) during winter operation indicate that the fans are exchanging 
excessive quantities of air, which in turn means more supplemental heat is 
needed to maintain the inside temperature. If these fans were controlled 
by the moisture balance, the desired humidity could be maintained, less 
supplemental heat would be required and less electrical energy would be 
needed for fan operation. 
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Relative humidities consistently above the maximum (80%) during 
winter operation indicate that the fans are not exchanging enough air to 
control moisture. Unlike low humidity levels, high humidities indicate 
less energy is used than optimum humidity maintenance because the fans are 
operating at a lower rate than normal—saving heat and electrical energy. 
High levels of humidity, however, are not desirable because they usually 
enhance building deterioration. 
The results from the model are shown in Tables 3,5,8,11, and 13. The 
yearly and 10-year mean January totals are given for the building conduc­
tive heat transfer, ventilation heat transfer, supplemental heat, number 
of hours the relative humidity is not within the desired range, and the 
hours of 2nd and 3rd-stage fan operation. Because the Ist-stage fan 
(minimum winter ventilation) operates continuously, it was not recorded. 
Table 1 gives an explanation of the terms listed in the results. 
Since the solar radiation energy gain has been applied to the building 
conductive heat transfer, it was not included in the model results. It 
should be noted that the energy gained by the building is constant for a 
given insulation level because the increase in surface temperature is 
based only on the solar energy "seen". The following are the building 
insulation levels and their corresponding solar energy gains for January: 
R = 6, 6 TQSOL = 1,025,000 Btu 
9, 12 616,000 Btu 
12,  21 417,000 Btu 
15, 27 331,000 Btu 
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Table 1. Explanation of title and parameters used in Tables 3, 5, 8, 
11, and 13 
Title 
Building insulation levels were chosen to represent current 
commercial practice in Iowa. The first number in the combination 
(e.g. 9 in 9,12) is the overall R value of the wall section, the second 
number represents the overall R value of the ceiling. 
Minimum winter ventilation rates stated are based on one animal unit. 
The total building ventilation rate at minimum winter is the ventilation 
rate per animal unit times the number of animal units in the building. A 
640-head nursery with a ventilation rate of 3 ft^/min-pig would have a 
3 
building minimum winter ventilation rate of 1920 ft /min. 
Parameters 
T(iBLD: Total building conductive heat transfer, Btu. 
TQVENT: Total ventilation heat transfer, Btu. 
T(1SUPP: Total supplemental heat, Btu. 
TRHIGH: Total hours relative humidity is above the desired range. 
TRHLOW: Total hours relative humidity is below the desired range. 
THRFN2: Total hours 2nd stage fans are in operation. 
THRFN3: Total hours 3rd stage fans are in operation. 
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The mean January energy totals are compiled and shown in Tables 4, 6, 
9, 12, and 14 for nursery (2), finishing, and farrowing (2), respectively. 
To evaluate the building's energy demand, the supplemental heat and fan 
electrical energy were converted with efficiencies and summed to obtain one 
direct fuel energy use. The supplemental heat energy was derived from 
liquid propane with an average conversion efficiency of 80%. 
The electrical energy demand was found using an estimated ventilation 
rate-horsepower conversion similar to the procedure used by Smith et al. 
(1977). They chose to use 7500 ft^/min-hp for all ventilating-energy 
calculations. At 75% motor efficiency, this converts to approximately 
7500 ft^/min-kW. The demand in kilowatts is then converted to primary 
(i.e., power station) fuel, using a formula derived by Hittman Associates, 
Inc. (1973): 
Primary fuel use = X electrical demand (in Btu's). [9] 
Nursery 
The nursery facility was modeled using two minimum winter ventilation 
rates. The 3 ft^/min-pig rate was assumed from recommendations by the 
Midwest Plan Service (1977). The results are shown in Table 3. Because 
the relative humidity in the solid-floor building was excessively high, 
the building was re-evaluated using 5 ft^/min-pig (Table 5). Table 2 
details the building characteristics of the nursery postulated. 
Table 4 summarizes the energy demands of the nursery buildings having 
a minimum winter ventilation rate of 3 ft^/min-pig. It is evident that 
increasing the amount of insulation decreases the energy demand when 
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comparing supplemental heat requirements of buildings with comparable floor 
type. Predictably, the advantage of adding more insulation had its 
greatest effect in the building with the least amount of insulation. 
Although conservation of energy through increasing building insulation 
levels is important, it is overshadowed by the ventilation heat demand. 
This was particularly apparent in the buildings with solid floors. Com­
paring equivalently insulated buildings, the solid floor required over 
four times as much total energy as the fully slotted-floored building. 
Considering only supplemental heat energy, the solid floor used over seven 
times as much as the fully slotted floor. 
It should be noted that because the level of the inside relative 
humidity was consistently below the minimum in the fully slotted case 
shown in Table 3, it is conceivable that the minimum winter ventilation 
rate could be lowered—conserving both electrical (fans) and thermal 
(supplemental heat) energy. Conversely, the relative humidity in the 
solid-floor case was consistently above maximum. Increasing the minimum 
winter ventilation rate to 5 ft^/min-pig for the solid-floored nursery 
brought the inside relative humidity under control. See Table 5. Less 
than 3 percent of the total hours in January were not within the desired 
range of relative humidities. Although the building's moisture level has 
been controlled by increased ventilation, the building's energy demand 
suffered as shown in Table 6. The total energy consumed was at least 
2-1/2 times more than the comparable building with a 3 ft^/mln-pig venti­
lation rate. See Figure 7-
Table 2. Variables used to calculate energy demands of a 640-head nursery building 
Parameter Value 
Average weight of pigs 
Occupancy 
Floor area per pig (Includes aisle) 
Building dimens 1ons 
Length 
Width 
Height 
Thermal resistance of building surfaces 
Roof 
Walls, Ceiling 
Perimeter (linear) 
Minimum Inside temperature 
Desired range of inside relative humidity 
Ventilation rates 
Minimum winter (continuous) 
2nd stage (engages at 75°F) 
3rd stage (engages at 85°F) 
50 lb 
640 pigs 
3 ft^ 
80 ft 
24 ft 
8 ft 
0.85 hr-ft^-F/Btu 
6,6; 9,12; 12,21; or 15,27 hr-ft^-F/Btu 
2.22 hr-ft-F/Btu 
70° F 
50-80% 
3 or 5 ft /mln-plg 
16 ft^/min-plg 
36 ft^/min-pig 
Table 
Year 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
Simulation summary for a 640-head nursery with an insulation level of 6,6 and a minimum 
winter ventilation rate of 3 ftVmin-plg 
TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Sol id floor 
20,124,000 66,658,000 15,248,000 726 0 4.2 0.0 
24,658,000 79,584,000 31,072,000 744 0 0.4 0.0 
26,222,000 84,528,000 37,240,000 744 0 0.5 0.0 
21,614,000 70,745,000 19,692,000 741 0 3.4 0.0 
22,897,000 74,441,000 25,164,000 741 0 1.7 0.0 
25,223,000 81,271,000 32,521,000 741 0 0.0 0.0 
26,886,000 86,511,000 39,985,000 741 0 0.3 0.0 
25,228,000 81,386,000 33,142,000 741 0 0.3 0.0 
24,724,000 80,037,000 31,767,000 741 0 1.2 0.0 
22,587,000 73,750,000 23,697,000 744 0 2.6 0.0 
24,01 6,000 77,891,000 28,953,000 740.4 0 1.46 0.0 
Fully slotted floor 
21,781,000 100,328,000 539,000 0 744 74.4 0.0 
26,062,000 100,807,000 4,616,000 0 741 36.4 0.0 
27,437,000 101,421,000 6,021,000 0 744 28.0 0.0 
23,324,000 99,969,000 1,475,000 0 729 58.4 0.0 
24,204,000 100,798,000 2,560,000 0 741 53.9 0.0 
26,665,000 99,911,000 3,793,000 0 744 27.4 0.0 
28,072,000 104,401,000 9,456,000 0 744 30.0 0.0 
26,646,000 99,192,000 3,434,000 0 741 28.1 0.0 
26,095,000 102,704,000 6,389,000 0 741 41.8 0.0 
24,022,000 100,905,000 2,636,000 0 720 55.3 0.0 
25,431,000 101,044,000 4,092,000 0 738.9 43.37 0.0 
Table 3b. Simulation summary for a 640-head nursery with an insulation level of 9,12 and a minimum 
winter ventilation rate of 3 ft^/min-pig 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 13,427,000 67,724,000 10,522,069 711 0 5.9 0.0 
1965 16,314,000 80,068,000 23,785,000 744 0 0.8 0.0 
1966 17,316,000 84,945,000 29,137,000 738 0 1.0 0.0 
1967 14,352,000 71,511,000 14,059,000 738 0 4.3 0.0 
1968 15,191,000 75,333,000 19,159,000 735 0 3.0 0.0 
1969 16,670,000 81,534,000 24,744,000 741 0 0.0 0.0 
1970 17,769,000 86,892,000 31,808,000 741 0 0.5 0.0 
1971 16,668,000 81,733,000 25,353,000 741 0 0.7 0.0 
1972 16,366,000 80,644,000 24,668,000 741 0 2.0 0.0 
1973 14,973,000 74,493,000 17,640,000 744 0 3.7 0.0 
Mean 15,905,000 78,488,000 22,087,000 737.4 0 2.19 0.0 
Ful 1y slotted floor 
1964 14,472,000 106,836,000 139,000 0 744 86.6 0.0 
1965 17,336,000 106,672,000 2,166,000 0 741 46.0 0.0 
1966 18,269,000 106,582,000 2,745,000 0 744 35.8 0.0 
1967 15,485,000 106,476,000 581,000 0 729 70.0 0.0 
1968 16,111,000 106,675.000 931,000 0 741 64.1 0.0 
1969 17,764,000 105,502,000 1,110,000 0 744 35.9 0.0 
1970 18,615,000 109,106,000 5,138,000 0 744 37.7 0.0 
1971 17,764,000 105,203,000 1,235,000 0 741 37.1 0.0 
1972 17,264,000 107,984,000 3,086,000 0 741 51.2 0.0 
1973 15,964,000 106,572,000 790,000 0 720 65.4 0.0 
Mean 16,906,000 106,761,000 1,792,000 0 738.9 52.98 0.0 
Table 3c. Simulation summary for a 640-head nursery with an insulation level of 12,21 and a minimum 
winter ventilation rate of 3 ft^/min-plg 
Year TQBLD 
(Btu) 
TQVENT 
(Btu) 
TQSUPP 
(Btu) 
TRHIGH 
(hr) 
TRHLOW 
(hr) 
THRFN2 
(hr) 
THRFN3 
(hr) 
Solid floor 
1964 10,148,000 68,589,000 8,626,000 708 0 7.4 0.0 
1965 12,282,000 80,445,000 20,514,000 744 0 1.2 0.0 
1966 13,014,000 85,208,000 25,320,000 735 0 1.4 0.0 
1967 10,831,000 72,074,000 11,615,000 738 0 5.1 0.0 
1968 11,446,000 75,817,000 16,399,000 732 0 3.7 0.0 
1969 12,541,000 81,719,000 21,174,000 741 0 0.0 0.0 
1970 13,365,000 87,223,000 28,003,000 738 0 0.9 0.0 
1971 12,532,000 81,965,000 21,740,000 741 0 0.9 0.0 
1972 12,321,000 81,076,000 21,445,000 735 0 2.5 0.0 
1973 11,298,000 75,043,000 15,103,000 744 0 4.4 0.0 
Mean 11,978,000 78,916,000 18,994,000 735.6 0 2.75 0.0 
Fully slotted floor 
1964 10,888,000 110,215,000 48,000 0 744 93.0 0.0 
1965 13,061,000 109,784,000 1,343,000 0 741 51.1 0.0 
1966 13,805,000 109,728,000 1,795,000 0 744 40.3 0.0 
1967 11,657,000 109,850,000 324,000 0 729 76.0 0.0 
1968 12,151,000 109,902,000 479,000 0 741 69.6 0.0 
1969 13,419,000 108,949,000 559,000 0 744 41.0 0.0 
1970 14,011,000 111,746,000 3,391,000 0 744 41.9 0.0 
1971 13,406,000 108,639,000 687,000 0 741 42.2 0.0 
1972 12,981,000 110,685,000 1,734,000 0 741 56.0 0.0 
1973 12,041,000 109,658,000 325,000 0 720 70.8 0.0 
Mean 12,742,000 109,916,000 1,069,000 0 738.9 58.19 0.0 
Table 3d. Simulation summary for a 640 head-nursery with an insulation level of 15,27 and a minimum 
winter ventilation rate of 3 ftVmin-pig 
Year TGBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 8,716,000 69,017,000 7,848,000 696 0 8.1 0.0 
1965 10,532,000 80,672,000 19,140,000 744 0 1.6 0.0 
1966 11,152,000 85,362,000 23,700,000 732 0 1.6 0.0 
1967 9,296,000 72,322,000 10,620,000 738 0 5.4 0.0 
1968 9,818,000 76,132,000 15,247,000 729 0 4.3 0.0 
1969 10,751,000 81,820,000 19,680,000 741 0 0.0 0.0 
1970 11,453,000 87,412,000 26,378,000 738 0 1.2 0.0 
1971 10,743,000 82,139,000 20,210,000 741 0 1.1 0.0 
1972 10,565,000 81,250,000 20,097,000 735 0 2.7 0.0 
1973 9,699,000 75,327,000 14,070,000 744 0 4.8 0.0 
Mean 10,272,000 79,145,000 17,699,000 733.8 0 3.08 0.0 
Table 4. Mean January energy totals for a 640-head nursery building with a minimum winter ventila­
tion rate of 3 ftVmin-pig 
Level of 
insulation 
Floor 
type 
Fan operation* Supplemental heat 
Total energy 
demand 
(10* Btu) 
Stage 2 
(hr) 
Stage 3 
(hr) 
Energy''. 
(kWhr) (I0G Btu) 
Requi red 
(106 Btu) 
Used^ 
(10° Btu) 
6,6 
Solid 
A 
1.46 0.0 192.46 2.10 28.95 36.19 38.29 
F-S 43.37 0.0 249.68 2.72 4.09 5.11 7.83 
9,12 
Solid 2.19 0.0 193.45 2.11 22.09 27.61 29.72 
F-S 52.98 0.0 262.80 2.87 1.79 2.24 5.11 
12,21 
Solid 2.75 0.0 194.22 2.12 18.99 23.74 25.86 
F-S 58.19 0.0 269.91 2.94 1.07 1.34 4.28 
15,27® Solid 3.08 0.0 194.67 2.12 17.70 22.13 24.25 
^Minimum winter fan operates continuously - 744 hours • 
'^Assumptions: 
Fan produces 7500 ft^/min-kW. 
Conversion factor of 3.20 from electric energy back to primary fuel. 
^Assumes 80% efficiency. 
'^Fully slotted. 
®Fully slotted floor omitted due to limited computing funds. 
Table 5a. Similation summary for a 640-head nursery with an insulation level of 6,6 and a minimum 
winter ventilation rate of 5 ft^/min-plg 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 19,734,000 107,976,000 53,852,000 21 3 0.2 0.0 
1965 24,448,000 132,548,000 84,714,000 51 0 0.0 0.0 
1966 26,085,000 141,171,000 93,027,000 9 0 0.0 0.0 
1967 21,361,000 116,502,000 63,907,000 45 0 0.8 0.0 
1968 22,504,000 122,403,000 70,779,000 51 3 0.1 0.0 
1969 25,178,000 136,377,000 87,306,000 0 3 0.0 0.0 
1970 26,745,000 144,617,000 97,145,000 0 0 0.0 0.0 
1971 25,065,000 135,871,000 86,585,000 0 0 0.0 0.0 
1972 24,486,000 132,817,000 83,070,000 9 0 0.1 0.0 
1973 22,303,000 121,333,000 69,656,000 51 3 0.0 0.0 
Mean 23,791,000 129,161,000 78,822,000 23.7 1.2 0.12 0.0 
Table 5b. Simulation summary for a 640-head nursery with an insulation level of 9,12 and a minimum 
winter ventilation rate of 5 ft^/min-pig 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 13,019,000 108,072,000 47,386,000 21 3 0.2 0.0 
1965 16,102,000 132,568,000 74,410,000 51 0 0.0 0.0 
1966 17,120,000 140,781,000 83,266,000 9 0 0.0 0.0 
1967 14,080,000 116,571,000 56,750,000 42 0 0.9 0.0 
1968 14,830,000 122,471,000 63,218,000 51 3 0.2 0.0 
1969 16,578,000 136,377,000 78,705,000 0 3 0.0 0.0 
1970 17,608,000 144,628,000 88,029,000 0 0 0.0 0.0 
1971 16,508,000 135,897,000 78,082,000 0 0 0.0 0.0 
1972 16,129,000 132,853,000 74,822,000 9 0 0.1 0.0 
1973 14,703,000 121,418,000 62,242,000 51 3 0.0 0.0 
Mean 15,668,000 129,164,000 70,691,000 23.4 1.2 0.14 0.0 
Table 
Year 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
Simulation summary for a 640-head nursery with an insulation level of 12,21 and a minimum 
winter ventilation rate of 5 ft^/min-pig 
TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
9,784,000 108,130,000 44,294,000 18 3 0.2 0.0 
12,084,000 132,580,000 70,418,000 51 0 0.0 0.0 
12,850,000 140,835,000 79,106,000 12 0 0.0 0.0 
10,575,000 116,611,000 53,313,000 42 0 1.0 0.0 
11,135,000 122,499,000 59,604,000 51 3 0.2 0.0 
12,439,000 136,377,000 74,566,000 0 3 0.0 0.0 
13,209,000 144,633,000 83,643,000 0 0 0.0 0.0 
12,388,000 135,915,000 73,999,000 0 0 0.0 0.0 
12,107,000 132,888,000 70,867,000 9 0 0.0 0.0 
11,042,000 121,463,000 58,685,000 48 3 0.0 0.0 
11,761,000 129,193,000 66,849,000 23.1 1.2 0.14 0.0 
Table 
Year 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
Simulation summary for a 640-head nursery with an insulation level of 15,27 and a minimum 
winter ventilation rate of 5 ft^/min-pig 
TaSLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
8,384,000 108,155,000 42,963,000 18 3 0.2 0.0 
10,347,000 132,586,000 68,697,000 51 0 0.0 0.0 
11,003,000 140,860,000 77,310,000 12 0 0.0 0.0 
9,059,000 116,664,000 51,831,000 42 0 1.1 0.0 
9,538,000 122,513,000 58,048,000 51 3 0.1 0.0 
10,650,000 136,377,000 72,777,000 0 3 0.0 0.0 
11,308,000 144,637,000 81,749,000 0 0 0.0 0.0 
10,607,000 135,923,000 72,234,000 0 0 0.0 0.0 
10,368,000 132,902,000 69,163,000 0 0 0.0 0.0 
9,458,000 121,486,000 57,156,000 48 3 0.0 0.0 
10,072,000 129,210,000 65,193,000 22.2 1.2 0.14 0.0 
Table 6. Mean January energy totals for a 
tion rate of 5 ft'/min-pig 
640-head nursery building with a minimum winter ventila-
Level of Floor 
insulation type 
Fan operation® Supplemental heat 
Total energy 
demand 
Stage 2 Stage 3 Energy 
b 
Requi red 
(10* Btu) 
Used^ 
(10* Btu) (hr) (hr) (kWhr) (10* Btu) (10 Btu) 
6,6 Solid 0.12 0.0 317.60 3.47 78.82 98.53 102.00 
9,12 Sol id 0.14 0.0 317.63 3.47 70.69 88.36 93.91 
12,21 Solid 0.14 0.0 317.63 3.47 66.85 83.56 89.11 
15,27 Sol id 0.14 0.0 317.63 3.47 65.19 81.49 87.04 
^Minimum winter fan operates continuously - 744 hours. 
'^Assumptions: , 
Fan produces 7500 ft /min-kW. 
Conversion factor of 3.20 from electric energy to primary fuel. 
'^Assumes 80% efficiency. 
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Figure 7. Total January energy demand for a 640-head nursery building 
based on the minimum winter ventilation rate and floor type 
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Finishing 
Table 7 details the building characteristics of the finishing facility 
modeled. The results of the model are shown in Table 8. The 7.5 ftVmin-
pig minimum winter ventilation rate applied to the solid-floored building 
resulted in the inside relative humidity being within the desired range no 
less than 97 percent of the time in January. This indicated that the 
ventilation rate was adequately sized to control moisture. Since the rela­
tive humidity was consistently below the minimum in the fully slotted 
facility, the ventilation rate was excessive for controlling moisture, 
which could mean too much supplemental heat energy was exhausted. 
The building's energy summaries are shown in Table 9- Observing the 
characteristics of the supplemental heat totals, one can easily conclude 
that well-insulated finishing buildings do not need supplemental heaters. 
Typically, producers will allow the inside temperature to drop below the 
minimum for the few hours during the colder nights. 
It was mentioned earlier that too much supplemental heat could be 
exhausted through the ventilation system in the fully slotted case, since 
the building's relative humidity level was too low. Noting the low 
supplemental heat requirements, it appears that little advantage would 
result if the minimum winter ventilation rate were lowered. 
Buildings with the same floor type can be compared to determine the 
effects of insulation on energy demands. 
Table ?• Variables used to calculate energy demands of a 275-head finishing building 
Value 
130 lb 
275 pigs 
7 ft^ 
8o ft 
2k ft 
8 ft 
0.85 hr-ft^-F/Btu 
6,6; 9,12; 12,21; or 15,27 hr-ft^-F/Btu 
2.22 hr-ft-F/Btu 
50°F 
50-80% 
7.5 ft^/min-pig 
27.5 ft^/min-pig 
75.0 ft^/min-pig 
Parameter 
Average weight of pigs 
Occupancy 
Floor area per pig (Including aisle) 
Building dimensions 
Length 
Width 
Height 
Thermal resistance of building surfaces 
Roof 
Walls, Celling 
Perimeter (linear) 
Minimum inside temperature 
Desired range of inside relative humidity 
Ventilation rates 
Minimum winter (continuous) 
2nd stage (engages at 60°F) 
3rd stage (engages at 70°F) 
Table 8a. Simulation summary for a 275-head finishing building with an Insulation level of 6,6 and 
a minimum winter ventilation rate of 75 ft^/min-pig 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 13,414,000 61,242,000 1,331,000 0 63 78.0 0.0 
1965 17,042,000 67,667,000 7,650,000 24 3 27.3 0.0 
1966 18,159,000 70,326,000 10,069,000 0 15 21.0 0.0 
1967 14,768,000 62,283,000 2,833,000 12 3 50.3 0.2 
1968 15,446,000 65,616,000 5,161,000 18 9 53.1 0.0 
1969 17,561,000 67,091,000 7,103,000 3 0 11.1 0.0 
1970 18,886,000 73,250,000 13,936,000 3 9 21.0 0.0 
1971 17,273,000 67,098,000 6,367,000 0 6 18.4 0.0 
1972 17,195,000 69,184,000 9,715,000 3 12 35.4 0.0 
1973 15,412,000 64,810,000 5,002,000 21 3 51.8 0.0 
Mean 16,516,000 66,857,000 6,917,000 8.4 12.3 36.73 0.02 
Ful ly slotted floor 
1964 14,341,000 79,195,000 178,000 0 729 146.2 0.0 
1965 18,076,000 80,882,000 2,657,000 0 684 68.6 0.0 
1966 19,244,000 81,675,000 3,361,000 0 735 53.8 0.0 
1967 15,776,000 79,205,000 719,000 0 702 107.0 0.7 
1968 16,435,000 80,473,000 1,326,000 0 690 108.0 0.0 
1969 18,659,000 80,144,000 1,816,000 0 741 47.1 0.0 
1970 19,783,000 84,503,000 6,266,000 0 744 56.4 0.0 
1971 18,608,000 79,511,000 1,537,000 0 744 52.2 0.0 
1972 18,037,000 82,433,000 3,798,000 0 735 81.0 0.0 
1973 16,243,000 80,221,000 1,007,000 0 693 107.2 0.0 
Mean 17,520,000 80,824,000 2,266,000 0 719.7 82.75 0.07 
Table 8b. Simulation summary for a 275~head finishing building with an insulation level of 9,12 and 
a minimum winter ventilation rate of 7.5 ftVmin pig 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) Chr) (hr) (hr) (hr) 
Solid floor 
1964 9,042,000 64,171,000 672,000 0 72 87.9 0.0 
1965 11,431,000 69,849,000 5,187,000 0 3 32.9 0.0 
1966 12,174,000 72,169,000 6,814,000 0 15 , 24.9 0.0 
1967 9,955,000 65,130,000 1,730,000 6 3 58.5 0.2 
1968 10,375,000 68,004,000 3,314,000 3 9 60.3 0.0 
1969 11,785,000 69,370,000 4,398,000 0 0 16.3 0.0 
1970 12,624,000 75,054,000 10,292,000 0 15 25.5 0.0 
1971 11,633,000 69,258,000 3,989,000 0 15 22.9 0.0 
1972 11,512,000 71,379,000 7,032,000 0 12 41.6 0.0 
1973 10,315,000 67,370,000 3,089,000 12 3 60.3 0.0 
Mean 11,085,000 69.175,000 4,652,000 2.1 14.7 43.1 0.02 
Fully slotted floor 
1964 9,617,000 82,968,000 42,000 0 729 157.5 0.0 
1965 12,143,000 84,829,000 1,419,000 0 684 79.5 0.0 
1966 12,972,000 85,403,000 1,918,000 0 741 62.2 0.0 
1967 10,561,000 83,501,000 336,000 0 702 120.6 0.7 
1968 11,040.000 84,057,000 549,000 0 693 117.3 0.0 
1969 12,562,000 84,097,000 832,000 0 741 56.7 0.0 
1970 13,221,000 87,699,000 3,620,000 0 744 64.9 0.0 
1971 12,585,000 83,656,000 721,000 0 744 61.3 0.0 
1972 12,025,000 86,038,000 1,776,000 0 735 92.5 0.0 
1973 10,907,000 83,415,000 322,000 0 693 113.1 0.0 
Mean 11,763,000 76,826,000 1,154,000 0 720.6 92.56 0.07 
Table 8c. Simulation summary for a 275-head finishing building with an insulation level of 12,21 and 
a minimum winter ventilation rate of 7.5 ft^/min-pig 
Year TQPLD TQVENT TOSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 6,871,000 65,707,000 453,000 0 78 93.1 0.0 
1965 8,672,000 71,152,000 4,166,000 0 3 36.3 0.0 
1966 9,224,000 73,287,000 5,392,000 0 18 27.5 0.0 
1967 7,563,000 66,643,000 1,295,000 6 3 62.9 0.1 
1968 7,869,000 69,216,000 2,537,000 3 12 64.0 0.0 
1969 8,935,000 70,629,000 3,330,000 0 0 19.3 0.0 
1970 9,556,000 76,144,000 8,668,000 0 15 28.2 0.0 
1971 8,838,000 70,486,000 3,012,000 0 15 25.5 0.0 
1972 8,718,000 72,571,000 5,812,000 0 12 44.9 0.0 
1973 7,811,000 68,680,000 2.286,000 12 3 64.6 0.0 
Mean 8,406,000 70,452,000 3,695,000 2.1 15.9 46.63 0.01 
Fully slotted floor 
1964 7,280,000 85,098,000 6,000 0 729 164.9 0.0 
1965 9,199,000 86,910,000 977,000 0 684 85.1 0.0 
1966 9,849,000 87,443,000 1,385,000 0 741 66.9 0.0 
1967 7,986,000 85,667,000 206,000 0 702 127.4 0.7 
1968 8,375,000 86,163,000 319,000 0 693 123.7 0.0 
1969 9,545,000 86,232,000 541,000 0 741 61.7 0.0 
1970 9,997,000 89,403,000 2,500,000 0 744 69.4 0.0 
1971 9,554,000 85,902,000 446,000 0 744 66.6 0.0 
1972 9,095,000 87,958,000 1,105,000 0 735 98.0 0.0 
1973 8,273,000 85,532,000 133,000 0 693 119.8 0.0 
Mean 8,915,000 86,631,000 762,000 0 720.6 98.35 0.07 
Table 8d. Simulation summary for a 275-head finishing building with an insulation level of 15,27 and 
a minimum winter ventilation rate of 7.5 ft^/min-pig 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Sol id floor 
1964 5,919,000 66,435,000 387,000 0 81 95.6 0.0 
1965 7,463,000 71,726,000 3,752,000 0 3 37.7 0.0 
1966 7,933,000 73,780,000 4,826,000 0 18 28.6 0.0 
1967 6,513,000 67,318,000 1,137,000 6 3 64.8 0.1 
1968 6,775,000 69,801,000 2,233,000 3 12 65.7 0.0 
1969 7,688,000 71,222,000 2,930,000 0 0 20.7 0.0 
1970 8,213,000 76,638,000 7,987,000 0 15 29.5 0.0 
1971 7,609,000 71,034,000 2,621,000 0 15 26.7 0.0 
1972 7,495,000 73,122,000 5,300,000 0 12 46.5 0.0 
1973 6,719,000 69,297,000 1,966,000 12 3 66.6 0.0 
Mean 7,233,000 71,037,000 3,314,000 2.1 16.2 48.24 0.01 
Table 9. Mean January energy totals for a 275"head finishing building with a minimum winter ventila 
tion rate of 7.5 ft^/mln-pig 
Level of 
insulation 
Floor 
type 
Fan operation^ Supplemental heat 
Total energy 
demand 
(10^ Btu) 
Stage 2 
(hr) 
Stage 3 
(hr) 
Enerc 
(kWhr) 1 [lO^ Btu) 
Required Used^ 
(loG Btu) (1o6 Btu) 
6.6 
Solid 36.73 0.02 241.69 2.64 6.92 8.65 11.29 
F-S° 82.75 0.07 288.23 3.14 2.27 2.84 5.98 
9,12 
Solid 43.10 0.02 248.11 2.71 4.65 5.81 8.52 
F-S 92.56 0.07 298.12 3.25 1.15 1.44 4.69 
12,21 
Solid 46.63 0.01 251.65 2.75 3.70 4.63 7.38 
F-S 98.35 0.07 303.96 3.32 0.76 0.95 4.27 
15,27® Solid 48.24 0.01 253.27 2.76 3.31 4.14 6.90 
^Minimum winter fan operates continuously - 744 hours. 
^'Assumptions: , 
Fan produces 7500 ft /min-kW. 
Conversion factor of 3.20 from electric energy back to primary fuel. 
^Assumes 80% efficiency. 
^Fully slotted. 
®Fu11y slotted floor omitted due to limited computing funds. 
52 
Farrowing 
The 30-stall farrowing facility was modeled using two minimum winter 
ventilation rates. The 10 ft^/min-sow and litter was assumed, based on 
research by Bundy (1978). The results are shown in Table 11. Similar to 
the nursery study, the solid-floor option was re-evaluated at a higher 
minimum winter ventilation rate, 20 ft^/min-sow and litter, to attempt to 
control the excessive humidity levels. The results of this model are 
shown in Table 13. Table 10 details the building characteristics used to 
evaluate the farrowing option. 
The energy summaries for the 10 ft^/min-sow and litter ventilated 
building are shown in Table 12. Comparing energy requirements of buildings 
with equivalent floor types, increasing the level of insulation can reduce 
supplemental heat and total energy requirements. In the case of fully 
slotted floors, the supplemental heat used becomes insignificant. 
Fully slotted-floor buildings, compared to equivalently insulated 
buildings with solid floor, require less than one-half as much energy to 
operate when the minimum inside temperature is 70°F. 
Following recommendations by Midwest Plan Service (1977), the minimum 
inside temperature for the solid-floor building was decreased to 65°F and 
the minimum winter ventilation rate was increased to 20 ft^/min-sow and 
litter. Comparing the number of hours the relative humidity is not within 
the desired range in Tables 11 and 13, there was no benefit in decreasing 
the minimum temperature and increasing the minimum ventilation rate in 
controlling moisture. In fact, the total energy required for the 20 ft^/ 
min-sow and litter solid-floor building can be over four times the require­
ment for the 10 ft^/min-sow and litter building. 
Table 10. Variables used to calculate energy demands of a 30-stall farrowing building 
Parameter Value 
Occupancy 
Average weight 
Stall size 
Building dimensions 
Length 
Width 
Height 
Thermal resistance of building surfaces 
Roof 
Walls, Ceiling 
Perimeter (linear) 
Minimum inside temperature 
Desired range of inside relative humidity 
Ventilation rates 
Inside temperature is 70°F 
Minimum winter (continuous) 
2nd stage (engages at 75°F) 
3rd stage (engages at 80°F) 
Inside temperature is 65°F 
Minimum winter (continuous) 
2nd stage (engages at 70°F) 
30 sows and 1i tters 
450 lb 
5 ft X 7 ft 
80 ft 
24 ft 
8 ft 
0.85 hr-ft^-F/Btu 
6,6; 9,12; 12,21; or 15,27 hr-ft^-F/Btu 
2.22 hr-ft-F/Btu 
65 or 70°F 
50-80% 
10 ft /min-sow and litter 
20 ft^/mln-sow and litter 
80 ft^/min-sow and litter 
20 ft /min-sow and litter 
•3 
80 ft /min-sow and litter 
Table lia. Simulation summary for a 30~stall farrowing building with an insulation level of 6,6 and 
a minimum winter ventilation rate of 10 ft'/min-sow and litter 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 18,011,000 10,081,000 5,882,000 726 0 44.8 1.0 
1965 22,340,000 11,637,000 11,650,000 744 0 11.6 0.0 
1966 23.855,000 12,378,000 13.951.000 744 0 12.0 0.0 
1967 19,391,000 10,499,000 7,612,000 738 0 26.4 2.4 
1968 20,624,000 11,080,000 9,476,000 744 0 29.4 0.0 
1969 22,842,000 11,695,000 12,223,000 744 0 0.6 0.0 
1970 24,563,000 12,672,000 14,940,000 738 0 8.3 0.0 
1971 22,867,000 11,871,000 12,452,000 741 0 9.9 0.0 
1972 22,392,000 11,758,000 11 ,923,000 741 0 16.7 0.4 
1973 20,367,000 10,933,000 9,013,000 744 0 28.1 0.4 
Mean 21,725,000 11,460,000 10,912,000 740.4 0 18.78 0.42 
Fully slotted floor 
1964 21,673,000 15,309,000 1,770,000 0 333 153.6 7.7 
1965 25,596,000 14,959,000 5,280,000 0 114 76.5 0.9 
1966 26,964,000 15,010,000 6,711,000 0 117 51.2 1.2 
1967 22,961,000 14,873,000 2,520.000 0 219 113.2 6.3 
1968 23,958,000 15,317,000 4,023,000 0 234 119.2 3.3 
1969 26,135,000 14,610,000 5,391,000 0 78 51.7 0.0 
1970 27,644,000 15,567,000 7,959,000 0 150 61.4 0.7 
1971 25,952,000 14,579,000 5.300,000 0 138 54.0 0.8 
1972 25,724,000 15.330,000 5,812,000 0 192 84.0 2.7 
1973 23,836,000 15,373,000 3,833,000 0 246 116.2 5.3 
Mean 25,044,000 15.093.000 4,860,000 0 182.1 88.10 2.89 
Table 
Year 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
Simulation summary for a 30-sta11 farrowing building with an insulation level of 9,12 and 
a minimum winter ventilation rate of 10 ft^/mln-sow and litter 
TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
12,420,000 11,961,000 2,082,000 687 0 109.2 3.0 
15,043,000 12,562,000 5,323,000 744 0 44.0 0.2 
15,967,000 13,035,000 6,654,000 726 0 33.1 0.2 
13,268,000 11,879,000 2,822,000 732 0 70.1 3.9 
13,970,000 12,547,000 4,209,000 729 0 82.9 1.1 
15,422,000 12,435,000 5,463,000 744 0 21.7 0.0 
16,420,000 13,507,000 7,573,000 735 0 39.0 0.3 
15,322,000 12,585,000 5,568,000 738 0 33.8 0.3 
15,157,000 12,884,000 5,685,000 723 0 54.1 0.9 
13,924,000 12,403,000 3,930,000 741 0 73.6 2.2 
14,691,000 12,580,000 4,931,000 729.9 0 56.15 1.21 
Fui1y slotted floor 
15,053,000 20,240,000 114,000 0 636 252.8 19.7 
17,541,000 18,797,000 1,070,000 0 450 163.5 5.6 
18,358,000 18,254,000 1,374,000 0 378 125.8 4.7 
15,860,000 19,714,000 327,000 0 573 223.7 13.9 
16,563,000 19,421,000 644,000 0 498 196.1 12.9 
17,864,000 18,335,000 849,000 0 417 149.3 0.8 
18,807,000 18,761,000 2,294,000 0 384 133.3 4.3 
17,888,000 18,198,000 759,000 0 447 136.2 3.9 
17,568,000 19,221,000 1,521,000 0 480 172.5 8.2 
16,318,000 19,455,000 571,000 0 516 206.6 12.8 
17,182,000 19,040,000 952,000 0 477.9 175.98 8.68 
Table 11c. Simulation summary for a 30-stall farrowing building with an insulation level of 12,21 and 
a minimum winter ventilation rate of 10 ftVmin-sow and litter 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 9,574,000 13,556,000 850,000 645 0 157.7 5.4 
1965 11,510,000 13,672,000 2,864,000 738 0 79.8 0.5 
1966 12,195,000 13,821,000 3,700,000 717 0 54.8 0.7 
1967 10,236,000 13,399,000 1,278,000 711 0 118.4 5.1 
1968 10,697,000 13,759,000 2,114,000 717 0 121.3 2.2 
1969 11,789,000 13,525,000 2,899,000 744 0 57.4 0.0 
1970 12,524,000 14,376,000 4,528,000 729 0 66.1 0.4 
1971 11,691,000 13,416,000 2,761,000 723 0 59.1 0.5 
1972 11,580,000 13,965,000 3,245,000 705 0 87.2 1.7 
1973 10,619,000 13,810,000 2,040,000 714 0 119.8 3.9 
Mean 11,241,000 13,730,000 2,628,000 714.3 0 92.16 2.04 
Fully slotted floor 
1964 11,555,000 23,833,000 0 0 723 300.5 33.9 
1965 13,507,000 21,982,000 199,000 0 624 221.7 11.0 
1966 14,163,000 21,501,000 293,000 0 621 188.1 9.1 
1967 12,213,000 23,194,000 41,000 0 699 282.8 22.4 
1968 12,716,000 22,772,000 60,000 0 669 247,0 23.3 
1969 13,809,000 21,607,000 72,000 0 651 211,1 4.5 
1970 14,372,000 21,442,000 506,000 0 522 181.1 9.6 
1971 13,763,000 21,751,000 89,000 0 669 206.5 8.4 
1972 13,490,000 22,117,000 222,000 0 567 221.6 15.0 
1973 12,681,000 22,757,000 22,000 0 669 254.9 21.7 
Mean 13,227,000 22,296,000 150,000 0 641.4 231.53 15.89 
Table lid. Simulation summary for a 30-stall farrowing building with an Insulation level of 15,27 and 
a minimum winter ventilation rate of 10 ft'/mln-sow and litter 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Sol Id floor 
1964 8,296,000 14,455,000 445,000 615 3 183.3 6.9 
1965 9,948,000 14,305,000 1,966,000 732 0 98.5 0.8 
1966 10,515,000 14,385,000 2,577,000 714 0 71.7 1.0 
1967 8,876,000 14,296,000 792,000 702 0 145.5 5.7 
1968 9,282,000 14,378,000 1,399,000 699 0 136.4 3.0 
1969 10,153,000 14,152,000 1,928,000 744 0 78.3 0.0 
1970 10,780,000 14,882,000 3,360,000 720 0 80.5 0.6 
1971 10,113,000 13,942,000 1,750,000 717 0 73.6 0.7 
1972 10,001,000 14,684,000 2,358,000 693 0 109.5 2.3 
1973 9,169,000 14,483,000 1,351,000 696 0 139.4 4.8 
Mean 9,715,000 14,396,000 1,793,000 703.4 0.3 111.67 2.58 
Fully slotted floor 
1964 9,976,000 25,436,000 0 0 738 317.8 40.9 
1965 11,667,000 23,686,000 45,000 0 693 249.6 14.6 
1966 12,247,000 23,225,000 90,000 0 669 218.5 11.4 
1967 10,553,000 24,652,000 3,000 0 711 299.6 27.7 
1968 10,975,000 24,425,000 9,000 0 711 270.3 28.4 
1969 11,963,000 23,398,000 5,000 0 699 240.8 7.2 
1970 12,491,000 22,934,000 150,000 0 603 203.5 12.5 
1971 11,875,000 23,466,000 7,000 0 708 237.0 11.0 
1972 11,710,000 23,748,000 56,000 0 681 245.4 18.8 
1973 10,962,000 24,533,000 0 0 729 277.6 27.5 
Mean 11,442,000 23,950,000 36,000 0 694.2 256.01 20.00 
1 
Table 12. Mean January energy totals for a SO-stall farrowing building with a minimum winter ventila­
tion of 10 ft^/min-sow and litter 
Level of 
insulation 
Floor 
type 
Fan operation^ Supplemental heat Total energy 
demand 
(10* Btu) 
Stage 2 
(hr) 
Stage 3 
(hr) 
Energy 
(kWhr) 
b 
(10* Btu) 
Requi red 
(10* Btu) 
Used'' 
(lO* Btu) 
6,6 
Solid 
A 
18.78 0.42 31.40 0.34 10.91 13.64 13.98 
F-S 88.10 2.89 37.73 0.41 4.86 6.08 6.49 
9,12 
Solid 56.15 1.21 34.64 0.38 4.93 6.16 6.54 
F-S 175.98 8.68 46.62 0.51 0.95 1.19 1.70 
12,21 
Solid 92.16 2.04 37.79 0.41 2.63 3.29 3.70 
F-S 231.53 15.89 53.37 0.58 0.15 0.19 0.77 
15,27 
Solid 111.67 2.58 39.52 0.43 1.79 2.24 2.67 
F-S 256.01 20.00 56.64 0.62 0.04 0.05 0.67 
^Minimum winter fan operates continuously - 744 hours. 
^Assumptions: ^ 
Fan produces 7500 ft /min-kV/. 
Conversion factor of 3.20 from electric energy back to primary fuel. 
^Assumes 80% efficiency. 
^Fully slotted. 
Table 
Year 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
Simulation summary for a 30-stall farrowing building with an Insulation level of 6,6 and 
a minimum winter ventilation rate of 20 ft'/mln-sow and litter 
TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
17,467,000 18,412,000 13,583,000 717 0 6.1 0.0 
22,062,000 22,672,000 22,410,000 744 0 0.4 0.0 
23,725,000 24,308,000 25,711,000 741 0 0.3 0.0 
19,018,000 19,873,000 16,578,000 735 0 5.7 0.0 
20,212,000 20,901,000 18,801,000 738 0 1.7 0.0 
22,748,000 23,326,000 23,755,000 744 0 0.0 0.0 
24,346,000 24,927,000 26,960,000 741 0 0.5 0.0 
22,698,000 23,306,000 23,687,000 741 0 0.5 0.0 
22,165,000 22,830,000 22,662,000 741 0 1.6 0.0 
19,984,000 20,779,000 18,418,000 744 0 3.5 0.0 
21,442,000 22,133,000 21,257,000 738.6 0 2.03 0.0 
Table 13b. Simulation summary for a 30-stall farrowing building with an insulation level of 9,12 and 
a minimum winter ventilation rate of 20 ftVmln-sow and litter 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 11,681,000 18,925,000 8,307,000 681 0 11.0 0.0 
1965 14,619,000 22,850,000 15,128,000 744 0 1.3 0.0 
1966 15,665,000 24,447,000 17,807,000 729 0 1.6 0.0 
1967 12,633,000 20,153,000 10,468,000 732 0 8.2 0.0 
1968 13,434,000 21,262,000 12,395,000 729 0 4.9 0.0 
1969 14,990,000 23,333,000 16,003,000 744 0 0,0 0.0 
1970 16,091,000 25,044,000 18,829,000 738 0 1.0 0.0 
1971 14,994,000 23,407,000 16,093,000 735 0 1.1 0.0 
1972 14,656,000 23,035,000 15,376,000 720 0 3.6 0.0 
1973 13,243,000 21 ,102,000 11,989,000 744 0 7.3 0.0 
Mean 14,201,000 22,356,000 14,240,000 729.6 0 3.18 0.0 
Table 13c. Simulation summary for a 30-sta11 farrowing building with an Insulation level of 12,21 and 
a minimum winter ventilation rate of 20 ft^/min-sow and litter 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Solid floor 
1964 8,857,000 19,391,000 5,952,000 636 3 15.8 0.0 
1965 11,035,000 23,085,000 11,767,000 735 0 3.0 0.0 
1966 11,782,000 24,571,000 14,067,000 723 0 2.7 0.0 
1967 9,552,000 20,436,000 7,672,000 723 0 10.6 0.0 
1968 10,185,000 21,687,000 9,550,000 717 0 8.5 0.0 
1969 11,282,000 23,391,000 12,351,000 744 0 0.0 0.0 
1970 12,125,000 25,208,000 15,024,000 732 0 2.0 0.0 
1971 11,295,000 23,556,000 12,544,000 720 0 2.1 0.0 
1972 11,056,000 23,271,000 12,002,000 705 0 5.6 0.0 
1973 10,031,000 21,426,000 9,104,000 729 0 9.9 0.0 
Mean 10,720,000 22,602,000 11 ,003,000 716.4 0.3 6.02 0.0 
Table 13d. Simulation summary for a 30-stall farrowing building with an insulation level of 15,27 and 
a minimum winter ventilation rate of 20 ft^/min-sow and litter 
Year TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
1964 7,636,000 19,687,000 5,036,000 621 3 18.5 0.0 
1965 9,477,000 23,234,000 10,356,000 735 0 4.2 0.0 
1966 10,104,000 24,677,000 12,483,000 720 0 3.7 0.0 
1967 8,219,000 20,663,000 6,536,000 717 0 12.8 0.0 
1968 8,772,000 21,931,000 8,378,000 711 0 10.4 0.0 
1969 9,688,000 23,459,000 10,824,000 744 0 0.2 0.0 
1970 10,402,000 25,318,000 13,425,000 717 0 2.8 0.0 
1971 9,693,000 23,648,000 11,044,000 717 0 2.7 0.0 
1972 9,500,000 23,410,000 10,605,000 702 0 6.5 0.0 
1973 8,632,000 21,613,000 7,897,000 711 0 11.4 0.0 
Mean 9,212,000 22,764,000 9,659,000 709.5 0.3 7.32 0.0 
Table 14. Mean January energy totals for a 30-stall farrowing building with a minimum winter ventila 
tlon rate of 20 ftVmin-sow and litter 
Level of 
insulation 
Floor 
type 
Fan operation® Supplemental heat 
Total energy 
demand 
(10^ Btu) 
Stage 2 Stage 3 Energy 
b 
Required Used^ 
(10° Btu) (10° Btu) (hr) (hr) (kWhr) (lo6 Btu) 
6,6 Solid 2.03 0.0 60.17 0.66 21.26 26.58 27.24 
9,12 Solid 3.18 0.0 60.54 0.66 14.24 17.80 18.46 
12,21 Solid 6.02 0.0 61.45 0.67 11.00 13.75 14.42 
15,27 Solid 7.32 0.0 61.86 0.67 9.66 12.08 12.75 
^Minimum winter fan operates continuously - 744 hours. 
^Assumptions: , 
Fan produces 7500 ft /min-kW. 
Conversion factor of 3.20 from electric energy back to primary fuel, 
'^Assumes 80% efficiency-
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Energy Demand Using Average Daily Temperatures 
One building, chosen at random, was re-evaluated using average daily 
outside temperature data. See Table 15. The same building using 3-hr 
interval temperatures is shown in Table 11a. The mean January energy 
demands for both simulations are summarized in Table 16. As would be 
expected, the average daily simulation predicted a lower total energy 
demand because the effects of January temperature extremes were negated 
when using larger temperature intervals. 
Table 
Year 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
Mean 
Simulation summary for a 30-stall farrowing building with an insulation level of 6,6 and 
a minimum winter ventilation rate of 10 ft^/min-sow and litter using average daily tem­
peratures 
TQBLD TQVENT TQSUPP TRHIGH TRHLOW THRFN2 THRFN3 
(Btu) (Btu) (Btu) (hr) (hr) (hr) (hr) 
Fully slotted floor 
21,478,000 14,600,000 1,365,000 0 336 145.2 0.9 
25,505,000 13,955,000 4,698,000 0 48 42.5 0.0 
26,781,000 14,625,000 6,460,000 0 96 42.6 0.0 
22,873,000 13,656,000 1,894,000 0 120 76.8 1.5 
23,772,000 15,064,000 3,765,000 0 264 121.2 0.0 
26,008,000 14,224,000 4,951,000 0 48 40.1 0.0 
27,473,000 15,134,000 7,698,000 0 120 48.3 0.0 
25,878,000 13,980,000 5,046,000 0 120 32.9 0.0 
25,552,000 14,493,000 5,360,000 0 144 61.1 0.3 
23,782,000 15,007,000 3,516,000 0 240 107.2 3.1 
24,910,000 14,476,000 4,475,000 0 153.6 71.79 0.58 
Table 16. Mean January energy totals for a fully slotted, 30-stall farrowing building with an 
insulation level of 6,6 and a minimum winter ventilation rate of 10 ft^/min-sow and 
litter with a change of simulation interval from 3-hr to daily averages 
Fan operation* Supplemental heat 
Stage 2 Stage 3 Energy Required Used^ , 
(hr) (hr) (hr) (kWhr) (10O~BtûT (10® Btu) (lO* Btu) (10* Btu) 
3 88.10 2.89 37.73 0.41 4.86 6.08 6.49 
24 71.79 0.58 35.69 0.39 4.48 5.59 5.98 
^Minimum winter fan operates continuously - 744 hours. 
''Assumptions: -
Fan produces 7500 ft /min-kW. 
Conversion factor of 3.2 from fan back to primary fuel 
^Assumes 80% efficiency. 
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CONCLUSIONS 
Throughout this study, the results show that a change in animal 
moisture production significantly affects ventilation rate requirements. 
Changes in ventilation rate in turn change supplemental heat requirements. 
Therefore, it should be noted that the conclusions drawn here are con­
tingent upon the accuracy of the published room moisture production data. 
The following conclusions result from this work: 
1) In an environmentally controlled swine building with moderate to 
good levels of insulation, the heat loss in the ventilation air much 
exceeds the heat loss through the building envelope. Insulation levels 
are dependent on the animal's growth stage. 
2) Floor type, i.e., manure management, plays an important role in 
determining the energy use of a confinement building. Buildings employing 
slotted floors show lower relative humidities in their atmospheres than 
do buildings with solid floors. A dry building is a condition sought 
after, but lowered ventilation rates should be encouraged in those situa­
tions where the manure management warrants. 
3) An economic study should be conducted to determine the optimum 
amount of insulation that should be installed for various energy prices. 
The study shows clearly that the benefits of adding too much insulation 
are doubtful unless the heat loss in the ventilation air can also be 
reduced. 
4) Lowered total energy use in a hog building could be achieved if 
cold-weather ventilation rates were controlled by relative humidity. Up 
to the present, it has not proved possible to implement humidity sensing 
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because of the aggressive environment in a hog building. 
5) A conventional hog building with adequate levels of insulation 
gains little heat from solar radiation. Solar heating may prove useful 
for livestock structures, but the collector must be designed specifically 
for heating large flows of cold air. 
6) Older work on inlet/exhaust heat exchangers should be resurrected. 
The model shows clearly that the bulk of the heat leaving the system does 
so in the exhaust air. 
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APPENDIX A: 
FOURIER COEFFICIENTS 
Fourier Coefficients 
Parameter AO A1 A2 A3 B1 B2 83 
DECL 0.302 -22.93 -0.229 -0.243 3.851 0.002 -0.055 
ET 0.0 0.007 -0.05 -0.0015 -0.122 -0.156 -0.005 
ASC 368.44 24.52 -1.14 -1.09 0.58 -0.18 0.28 
AEXC 0.1717 -0.0344 0.0032 0.0024 -0.0043 0.0 -0.0008 
SDF 0.0905 -0.0410 0.0073 0.0015 -0.0034 0.0004 -0.0006 
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APPENDIX B: 
LIST OF VARIABLES 
Variable Description 
Coefficients of Fourier series used to calculate solar 
radiation (ASHRAE,1971). 
A0,A1,A2,A3 
ABSS 
AEXC 
ALAT 
ALNG 
AMOIS 
AMOtST 
AREA 
ASC 
ATEMP 
AVGTI 
B1,B2,B3 
BCOSS 
BCOSW 
BCOSZ 
CCM 
Surface solar absorptivity, decimal. 
Atmosphere extinction coefficient, Btu/hr-ft^. 
Latitude of building location, deg., rad. 
Longitude of building location, deg., rad. 
Moisture production of hogs in a weight group, 
lb water/hr-hog. 
Moisture production of all hogs combined, Ib/hr. 
Area of building surface, ft^ (or length of perimeter, 
ft). 
Apparent solar constant, decimal. 
1/100 of inside dry bulb temperature. 
Average inside dry bulb temperature, F. 
Coefficients of Fourier series used to calculate solar 
radiation (ASHRAE,1971)• 
Direction cosine of normal to surface, reference axis 
horizontal to south, rad. 
Direction cosine of normal to surface, reference axis 
horizontal to west, rad. 
Direction cosine of normal to surface vertical reference 
axis, rad. 
Cloud cover modifier, decimal. 
CFM 
CFX 
COS I 
DB 
DCOSS 
DCOSW 
DCOSZ 
DECL 
OFSH 
DFSV 
DNS I 
DP 
DPI,DPO 
DPX 
DRS 
ET 
FS 
H 
HA 
HGS 
HGUT 
HGWTl 
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Fan ventilation rate, ft^/min-hog. 
Ventilation rate determined from temperature balance, 
ft^/min-hog. 
Cosine of angle of incidence, decimal. 
Dry-bulb air temperature, F. 
Direction cosine, direct solar beam deviation from 
vertical, rad. 
Direction cosine, direct solar beam deviation from 
west, rad. 
Direction cosine, direct solar beam deviation from 
south, rad. 
Declination angle of sun, deg., rad. 
Sky diffuse radiation on horizontal surface, But/hr-ft^ 
Sky diffuse radiation on vertical surface, Btu/hr-ft^ 
Direct normal solar radiation, Btu/hr-ft^ 
Dew point temperature, F. 
Inside and outside dew point temperatures, respectively F. 
Outside dew point temperature at time interval, F. 
Direct normal solar radiation incident on the surface, 
Btu/hr-ftZ. 
Equation of time, hr. 
Vapor pressure correction factor. 
Enthalpy of air, Btu/lb air. 
Hour angle, deg. 
Total number of hogs in the building. 
Average weight of hogs in a group, lb/hog. 
1/100 of average weight of hogs In a group. 
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HI,HO Inside and outside enthalpies, respectively, Btu/lb air. 
HIHUM Maximum desired relative humidity, %. 
HK Solar hour adjustment. 
HOCR Outside convection-radiation heat transfer coefficient 
of building surface, Btu/hr-ft^-F. 
HOGS Number of hogs in a weight group. 
HRS Number of hours between weather observations. 
HTYPE Hog type: farrowing, nursery, finishing, 
ICNT Operation indicator. 
I DATE Date of weather data. 
I DAY Date, days from start of year (1-366). 
JCNT Operation indicator. 
KEFF Effective building heat transfer coefficient, Btu/hr-F. 
LAST, LAST2 Operation indicators. 
LOHUM Minimum desired relative humidity, %. 
M indicates which two psychrometric input variables are 
used in subroutine PSYSUN. 
MGMT Management factor for moisture production. 
NHR Number of hours between weather observations. 
NP Number of weather observations per day. 
PB Barometric pressure, in. Hg. 
2 
PVP Vapor pressure, lb/in . 
QBLD Building conductive heat transfer, Btu/hr. 
QSOL Solar radiation on building surface, Btu/hr-F. 
QSOLAR Building solar energy gain, Btu/hr. 
QSUPP,QSUPPl Supplemental heat, Btu/hr. 
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QVENT Ventilation heat transfer, Btu/hr. 
R Surface thermal resistance, hr-ft -F/Btu. 
RADC Conversion factor: degrees to radians. 
RHI,RHO Inside and outside relative humidities, respectively, %. 
RHIGH,RHLOW Number of hours inside relative humidity is above or 
below desired range. 
SDF Sky diffuse factor, decimal. 
SENHT Sensible heat production of all hogs confined, Btu/hr. 
SHT Sensible heat production of a hog, Btu/hr-hog. 
SV Specific volume of air, ft^/lb air. 
SVI,SVO Inside and outside specific volumes of air, ftVlb air. 
SURF Building surface name. 
TE Effective outside surface temperature, F. 
TEMP Tangential ratio of declination hour to latitude. 
TFAN Temperature that initiates fan operation, F. 
TI,TO Inside and outside dry-bulb temperatures, respectively, F. 
TIMIN, TIMAX Minimum and maximum acceptable inside temperatures, F. 
THRFN2 Total hours 2nd stage fans are in operation. 
THRFN3 Total hours 3rd stage fans are in operation. 
TOTHT Total animal heat production, Btu/hr-hog. 
TQBLD Total building conductive heat transfer, Btu. 
TQSOL Total building solar energy gain, Btu. 
TQSUPP Total supplemental heat, Btu. 
TQVENT Total ventilation heat transfer, Btu. 
TRHLOW, TRHIGH Total hours relative humidity is below or above desired 
range. 
75 
TSUN Sol-air temperature of surface, F. 
TX Outside temperature at time interval, F. 
VENTR Building ventilation rate, ft^/min. 
VRFAN2 Ventilation rate of 2nd stage fans, ft^/min. 
VRFAN3 Ventilation rate of 3rd stage fans, ft^/min. 
W Humidity ratio, lb water/lb air. 
WB Wet bulb temperature, F. 
WEI,WBO Inside and outside wet bulb temperatures, respec­
tively, F. 
WET Difference between the inside dew point and dry bulb 
temperatures, F. 
WI,WO Inside and outside humidity ratios, respectively, 
lb water/lb air. 
XLOGWT Log base 10 of HGWT. 
XQBLD Daily building conductive heat transfer, Btu/hr. 
XQSOL Daily building solar energy gain, Btu/hr. 
XQSUPP Daily supplemental heat, Btu/hr. 
XQVENT Daily ventilation heat transfer, Btu/hr. 
Y Ratio of vertical to horizontal sky diffuse radiation. 
decimal. 
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APPENDIX C : 
FLOW DIAGRAM OF MAIN PROGRAM 
The following is a general description of the notation used in flow charting 
the main program. 
Connector 
Subroutine 
Do-loop connector 
Information, 
initialization, and 
calculation. 
Read data 0 Offpage connector: p = current page q " page being transferred to 
Write data 
pI Offpage connector: 
q I p » current page 
q " page being transferred from 
Decision 
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MAIN 1 
MAIN: An algorithm to determine the electrical and thermal demands for producing 
swine in confinement. 
^ START 
[ READ 
1 Data 1.1 
( READ 
Data 1.2 
{ READ 
1 Data 1,3 
^ READ 
Data 1.4 
( READ 
Data 1.5 
( READ 
[ Data 1.6 
Data 1.1: - day simulation begins, and 
- hours between weather observations. 
Data 1.2: Fourier series coefficients to calculate 
solar radiation. 
Data 1.3: - minimum inside dry-bulb temperature, 
- maximum inside dry-bulb temperature, 
- ventilation rates of stage fans, and 
- stage fans' activation temperatures. 
Data 1.4: - hog type, 
- number of hogs in a weight group, and 
- average weight of hogs in a group. 
Data 1.5: - minimum desired inside relative humidity, and 
- maximum desired inside relative humidity. 
Data 1.6: management factor for moisture production. 
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WRITE 
Data 1.1 
READ 
Data 2.1 
WRITE 
Data 2.1 
Subroutine 
RESIST 
20.3 
INITIALIZE 
Eqn. 2.1 
MAIN 2 
Data 2.1: - areas of building surfaces and length of perimeter, 
- thermal resistances of surfaces, 
- outside convection-radiation heat transfer 
coefficients, 
- directional cosines, and 
- solar absorptivity of surfaces. 
Subroutine RESIST: An algorithm to calculate the effective 
building heat transfer coefficient. 
parameters in: - surface areas, and 
- thermal resistances of surfaces. 
parameter out: building heat transfer per degree 
temperature difference. 
Variable 2.1: number of weather observations per day. 
Equation 2.1: ITïumber of 1 2A 
[weather observation^ ' Thours between ' 
1 weather observations 
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M A I N  3 
3.1 
Note 3.1 
INITIALIZE 
Var. 3.1 
to 0.0 
Note 3.2 
SubroutI ne 
PSYSUN 
Note 3.3 
Note 3.1: Assign initial values to inside dry-bulb temperature 
and relative humidity. 
Variables 3.1: ' total supplemental heat, 
- total hogs confined, 
- total ventilation heat transfer, 
- total building conductive heat transfer, 
- total building solar energy gain, 
- total hours relative humidity is below 
desired range, 
- total hours relative humidity is above 
desired range, 
- total hours 2nd stage fans are in operation, and 
- total hours 3rd stage fans are in operation. 
Note 3.2: Determine total number of hogs confined. 
* summation of five hog groups. 
Subroutine PSYSUN: An algorithm to determine the psychrometric 
properties of the inside air. 
parameters in: - dry-bulb temperature, and 
- relative humidity. 
parameters out: - wet-bulb temperature, 
- humidity ratio, 
- enthalpy, 
- dewpoint temperature, and 
- specific volume (parameter used). 
Note 33: Output parameter headings listed. 
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NO Statement 
4.2 YES 
0.4. 
READ 
Data 4.1 
Subroutine 
SOLAR 
INITIALIZE 
Var. 4.1 
to 0.0 
CALCULATE 
Var. 4.2 
Eqn. 4.1 
I 
M A I N  4  
Statement 4.1: weather data available. 
Data 4.1: - outside dry-bulb temperature, and 
- outside dewpoint temperature for all eight weather 
observations during the day. 
Subroutine SOLAR: An algorithm to calculate the solar 
radiation on the building surfaces. 
parameters in: - day number, and 
- number of hours between weather 
observations. 
parameter out: solar radiation on building surfaces 
for each weather observation. 
Variables 4.1: - supplemental heat, 
- ventilation heat transfer, 
- building conductive heat transfer, 
- building solar energy gain, 
- hours relative humidity Is above desired range, 
- hours relative humidity is below desired range, 
- average inside temperature. 
* number of weather observations per day. 
Variables 4.2: sol-air temperatures for the roof and wall 
surfaces. 
Equation 4.1: 
fsol-air "I [solar "1 [outside convection- j 
temperature - radiation radiation heat 
|of surface_j [on surface_J • [transfer coefficient 
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MAIN 5  
r 
INITIALIZE 
Var. 5.1 
to 0.0 
Note 5.1 
INITIALIZE 
Var. 5.2 
to 0.0 
Note 5.2 
Subro 
PSY 
utine 
SUN 
Variable 5.1: perimeter sol-air temperature. 
Note 5.1: Operation indicators (counters) are zeroed. 
Variables 5.2: - supplemental heat, 
- 2nd stage fan ventilation rate, and 
- 3rd stage fan ventilation rate. 
Note 5.2: Assign values to outside dry-bulb and dewpoint 
temperatures from weather data. 
Subroutine PSYSUN: An algorithm to determine the psychrometric 
properties of the outside air. 
parameters in: - dry-bulb temperature, and 
- dewpoint temperature. 
parameters out: - wet-bulb temperature, 
- relative humidity, 
- humidity ratio (parameter used), 
- enthalpy, and 
- specific volume. 
7.1 
82 
M A I N  6  
Note 6.1: Assign value to psychrometric operation indicator. 
Subroutine PSYSUN: An algorithm to determine the psychrometric 
properties of inside air. 
parameters in: - dry-bulb temperature, and 
- humidity ratio. 
6.4 
parameters out: - wet-bulb temperature 
- relative humidity 
- enthalpy 
Subroutine 
PSYSUN 
- dewpoint temperature, and 
- specific volume (parameter used). 
Statement 6.1: Inside air is tested for excessive moisture. 
Oewpoint temperature minus dry-bulb temperature 
Statement 
is indicated. 
0 .0  
Note 6.2: Assign value to psychrometric operation 
indicator. 
Note 6.3: Set inside dewpoint temperature equal to the 
dry-bulb temperature. 
6.4 
6.2 
Note 6.3 
Note 6.2 
Note 6.1 
8 3  
M A I N  7  
*5 2 and 6.3 
Subroutine ANHEAT: An algorithm to calculate the sensible heat 
and moisture production of the confined hogs. 
Parameters in: - number of hogs in a weight group, 
- average weight of hogs in each group, 
- inside dry-bulb temperature, and 
- management factor for moisture 
production. 
parameters out: - sensible heat production of all 
hogs confined, and 
- moisture production of all hogs 
conf i ned. 
Statement 7.1: Last iteration of inside temperature determines 
if the stage fans must operate intermittently 
because the fan's engaging temperature is within 
1 F of the inside temperature. (Indicator > 0.0) 
Note 7 1: Ventilation rate is assigned value of minimum winter 
ventilation (1st stage fans). 
Statement 7.2: Temperature engaging 2nd stage fans is at or 
below the inside temperature. 
Note 7-2: Ventilation rate is assigned value of 2nd. stage fans. 
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NO 
Statement 
YES 
8 . 2  
CALCULATE 
Var. 8.3 
Eqn. 8.2 
CALCULATE 
Var. 8.1 
Eqn. 8.1 
INITIAL 
Var. 8.2 
to 0.0 
Note 8.1 
CALCULATE 
Var. 8.2 
Eqn. 8.3 
MAIN 8  
Statement 8.1: Temperature engaging 3rd stage fans is at or 
below the inside temperature. 
Note 8.1: Ventilation rate is assigned value of 3rd stage fans. 
Variable 8.1: building ventilation rate. 
Equation 8.1 : building fan total number of 
ventilation = ventilation X hogs confined 
_rate rate 
- -
Variables 8.2: - building conductive heat transfer, and 
- building solar energy gain. 
Variable 8.3: effective outside surface temperature. 
Equation 8.2: jeffective outside | ^foutside airj ^  fsol-air ~| 
[surface temperature] [temperaturej surface 
[tempe raturej 
Equation 8.3 
building 
conduct 
_heat transfer] 
9 1 ^  
ive = \ 
j Z_ 
n"l 
effective 
surface 
thermal 
Xesistancft 
r- -I 7 building I 
solar « \ 
energy gainj Z— 
n=l 
effective" 
surface 
thermal 
resistance 
[inside airl 
[temperature] 
sol-air 
surface 
temperature 
[effect i vel 
outside 
surface 
[temp. 
* summation of seven surfaces. 
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MAIN 9  
CALCULATE 
Var. 9.1 
Eqn. 9.1 
CALCULATE 
Var. 9.2 
Eqn. 9.2 
Variable 9.1: ventilation heat transfer. 
Equation 9-1 : 
pent il at ion ~| 
[heat transferj 14.4 
vent I 
rate 
i lation"! ^ inside ai A (outside ll 
J Itemp. J "lair temp.J 
pnside air ~| 
[specific volume] 
Variable 9-2: supplemental heat. 
Equation 9.2: 
supplemental 
heat 
building 
conductive 
heat transfer 
ventilation 
heat 
transfer 
sensible heat 
from confined 
animals 
Statement 9.1: Last iteration of inside temperature is 
satisfactory. (Indicator > 0.0) 
Statement 9.2: Energy balance by decreasing inside temperature. 
(Indicator >0.0) 
Statement 9.3: Energy balance by increasing inside temperature. 
(Indicator >0.0) 
Statement 9.4: Inside air temperature is increased or decreased 
to balance thermal conditions. Supplemental 
heat is used as the indicator. 
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MAIN 10 
NO 
Note 10.1 
CALCULATE 
Var. 10.1 
Eqn. 10.1 
CALCULATE 
Var. 10.2 
Eqn. 10.2 
Statement 10.1: Supplemental heat > 0.0. 
* for all fan stages above minimum winter. 
Statement 10.2: Energy equation is balanced with an inside 
temperature not within one degree of a fan 
engaging temperature. 
Note 10.1: Inside temperature equal to fan engaging temperature. 
Variable 10.1: ventilation rate based on energy balance 
Equation 10.1: 
ventilation 
rate from 
energy bal. 
stage fan 
vent!lation 
rate 
stage fan 
ventilation 
rate 
next lower 
stage fan 
vent, rate 
ratio of supplemental 
heats from energy balances 
Variable 10.2: building ventilation rate 
Equation 10.2: 
building 
ventilation 
rate 
fan 
ventilation 
rate 
(total number ofl 
X [hogs confined J 
10.5 
JI.1. 
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MAIN 11 
Variable 11.1: inside humidity ratio. 
Equation 11 .1 : 
CALCL 
Var. 
Eqn. 
LATE 
11.1 
11.1 
Note 11.1 
inside 
humidity 
ratio 
animal 
moisture 
production 
inside 
specific 
volume 
60.0 X 
building 
vent!lation 
rate 
outside . 
humidity 
ratio 
V0.3v 
Note 11.2 
Note 11.1 Operation indicator is assigned value to indicate 
energy balance occurs within one degree of a fan 
engaging temperature. 
* for all fan stages above minimum winter. 
Statement 11.1: Operation indicator signals energy balance is 
not at a fan engaging temperature, (indicator - 0) 
Note 11.2: Inside temperature is corrected using the ratios 
of supplemental heats at Tl and Tl +1.0 . 
Note 11.3: Operation indicator signals energy balance is 
completed. 
Note 11.3 
0 
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1£1 
NO 
12.4 
12.4 
12.2  
Statement 
S. 12.1 ^ 
12 .1  
Note 12.3 
Note 12.2 
Note 12.4 
Note 12.1 
CALCULATE 
Var. 12.2 
Eqn. 12.2 
CALCULATE 
Var. 12.1 
MAIN 12 
* 9.5 and 10.2 
Variable 12.1: inside humidity ratio. 
Equation 12.1: 
inside 
humidity 
ratio 
animal 
moisture 
production 
inside 
X specific 
volume 
60.0 X 
building 
venti1 at ion 
rate 
outside 
humidity 
ratio 
Statement 12.1: inside temperature decreased by 1.0 F is above 
the minimum acceptable inside temperature. 
Note 12.1: Inside temperature equals minimum acceptable inside 
temperature. 
Note 12.2: Operation indicator signals energy balance is 
completed. 
Note 12.3: Supplemental heat value is stored. 
Variable 12.2: inside dry-bulb temperature. 
Equation 12.2: 
inside 
dry-bulb 
temperature 
inside 
dry-bulb 
temperature 
1.0 
Note 12.4: Operation indicator indicates energy balance by 
decreasing inside temperature. 
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YES Statement 
NO 
15.1 
YES 
NO 
Statement 
\13.2^ 
Note 13. 
CALCULATE 
Var. 13.1 
CALCULATE 
Var. 13.2 
Eqn. 13.2 
MAIN 13 
Statement 13.1: Supplemental heat < 0.0 . 
* for all fan stages above minimum winter. 
Statement 13.2: Energy equation is balanced with an inside 
temperature not within one degree of a fan 
engaging temperature. 
Note 13.1 : Inside temperature equal to fan engaging temperature. 
Variable 13.1: ventilation rate based on energy balance. 
Equation 13.I: 
Etage fan entilation ate 
fTatio of supplemental 
meats from energy balances] 
stage fan ~1 
ventilation -
rate J 
[next lower 
stage fan 
|vent. rate 
Variable 13.2: building ventilation rate. 
Equation 13.2: 
FbuiIding 
ventilation 
rate 
fan 
ventilât 
rate 
io^ 
[total number of 
hogs confined 
90 
MAIN \k 
8^  ^
CALCULATE 
Var. 14.1 
Eqn. 14.1 
Note 14.1 
jkA. 
.6.1 
Note 14.2 
Note 14.3 
Variable 14.1: inside humidity ratio. 
Equation 14.1: 
inside H 
humidity 
ratio 
_| 
animal ~| [Tnside ~| 
moisture X specific 
production] [^olutne _J 
[building ~| 
60.0 X ventilation 
[rate J 
Note 14.1: Operation indicator is assigned value to indicate 
energy balance occurs within one degree of a fan 
engaging temperature. 
* for all fan stages above minimum winter. 
Statement 14.1: Operation indicator signals energy balance is 
not at a fan engaging temperature. (Indicator = 0) 
Note 14.2: Inside temperature is corrected using the ratios 
of supplemental heats at Tl and 11 - 1.0 . 
Note 14.3: Operation indicator signals energy balance is 
completed. 
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MAIN 15 
15.1 
15.2 
6.1 
Note 15.1 
CALCULATE 
Var. 15.1 
Eqn. 15.1 
CALCULATE 
Var. 15.2 
Eqn. 15.2 
Note 15.2 
* 9.6 and 13.2 
Note 15.1: Supplemental heat value is stored. 
Variable 15.1: inside humidity ratio. 
Equation 15.1: 
inside 1 
humidity 
_ratio J 
itnal 1 fl 
isture X s 
oductionj [v 
Ian 
mo 
[pr  
nside 
pecific 
olume 
[buiIding 
60.0 X ventilation 
[rate 
outside 
humidity 
ratio 
Variable 15.2: inside dry-bulb temperature. 
Equation 15.2: inside 
dry-bulb 
temperature Enside 1 ry-bulb +1.0 emperaturej 
Note 15.2: Operation indicator indicates energy balance by 
increasing Inside temperature. 
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MAIN 16 
CALCULATE 
Var. 16.1 
Eqn. 16.1 
CALCULATE 
Var. 16.2 
Eqn. 16.2 
CALCULATE 
Var. 16.3 
Eqn. 16.3 
Statement 16.1: Inside temperature > minimum acceptable inside 
temperature or supplemental heat < 0.0 . 
Variable 16.1: daily supplemental heat. 
Equation 16.1: 
dai ly dai ly supplemental number of 
supplemental = supplemental + heat for X hours in 
heat heat period period 
Variable 16.2: daily ventilation heat transfer 
Equation 16.2: 
daily 
vent!1 at ion 
heat transfer 
dai ly 
vent!lation 
heat transfer 
heat trans­
fer for 
period 
number of 
hours in 
period 
Variable 16.3: daily building conductive heat transfer. 
Equation 16.3: 
daily bidg ~j [daily bidg ~j [heat trans-1 [number of 
conductive = conductive + fer for X hours in 
heat transfer] [heat transfer] [period _J [period 
Variable 16.4: daily building solar energy gain. 
CALCULATE 
Var. 16.4 
Eqn. 16.4 
Equation 16.4: 
[daily solar! ^  [daily solar] 
[energy gainj [energy gainl 
energy 
for 
iod 
number of 
X hours in 
period 
16.2 
J 7 . L  
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MAIN 17  
.16.2 
CALCULATE 
Var. 17.1 
Eqn. 17.1 
CALCULATE 
Var. 17-2 
Eqn. 17.2 
CALCULATE 
Var. 17.3 
Eqn. 17.3 
Statement 17-I: Inside relative humidity > desired maximum. 
Variable 17.1: number of hours the inside relative humidty 
is above the desired maximum. 
Equation 17-1 : 
hours relative 
humidity is 
above maximum 
hours relative 
humidity is 
above maximum 
number of hours! 
between weather 
observations _| 
Statement 17-2: Inside relative humidity < desired minimum. 
Variable 17.2: number of hours the inside relative humidity 
is below the desired minimum. 
Equation 17.2: 
hours relative 
humidity is 
below minimum 
hours relative 
humidity is 
below minimum 
number of hours] 
between weather 
observations _j 
Statement 17.3: Building ventilation rate > 2nd stage fan 
ventilation rate for all hogs confined. 
Variable 173: ventilation rate of 3rd stage fan. 
Equation 17.3: 
ventilation 
rate of 3rd 
stage fan 
building 
ventilat ion 
rate 
2nd stage fan 
ventilation rate for 
_all hogs confined 
172 
18.1 
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MAIN 18  
Equation 18.1: 
total hours 
CALCULATE 
Var. 18.1 
3rd stage 
fan operate^ 
Eqn. 18.1 
CALCULATE 
Var. 18.2 
Eqn. 18.2 
Variable 18.1: total hours 3rd stage fans are in operation. 
[vent, rate "j_(hours between ~1 
[of 3rd stage] [weather observ_J 
l3rd stage fan ventilation"! 
[rate for all hogs confinedj 
total hours. 
3rd stage 
fan operates 
Statement 18.I: Building ventilation rate > minimum winter 
(1st stage fan) ventilation rate for all 
hogs confined. 
Variable 18.2: ventilation rate of 2nd stage fans. 
Equation 18.2: 
fventilation 
rate of 2nd 
[stage fan _ Eui Iding entilation ate vent, rate - of 3rd -stage fan_ minimum winter ventilation rate 
Variable 18.3: total hours 2nd stage fans are in operation. 
r*~ 
CALCULATE 
Var. 18.3 
Eqn. 18.3 
CALCULATE 
Var. 18.4 
Eqn. 18.4 
J9.1 
Equation 18.3: 
total hours 
2nd stage 
fan operates 
pent, rate "Ij. [hours between "1 
total hourfl (of 2nd stagej [weather observj 
2nd stage H-
fan operat^ f2nd stage fan ventilation"! 
[rate for all hogs confinedj 
Variable 18.4: average inside dry-bulb temperature. 
Equation 18.4: p _ 
[iverage insidi] „ fiverage insid^ ^  [inside air temperature] 
J 
[dry-bulb temp J " |dry-bu1b temp .J r^^^^er of weather 
[observations per da 
* number of weather observations per day. 
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MAIN 19  
© 
CALC 
Var. 
Eqn. 
ULATE 
19.) 
19.1 
CALCULATE 
Var. 19.2 
Eqn. 19.1 
CALCULATE 
Var. 19.3 
Eqn. 19.1 
CALCULATE 
Var. 19.4 
Eqn. 19.1 
CALCULATE 
Var. 19.5 
Eqn. 19.1 
CALCl 
Var. 
Eqn. 
JLATE 
19.6 
19.1 
Equation 19.1: Since the same basic equation is used for 
calculating each variable, an overall descriptive 
equation is illustrated. 
Variable 19.1: total supplemental heat. 
Variable 19.2: total ventilation heat transfer. 
Variable 19.3: total building conductive heat transfer. 
Variable 19.4: total building solar energy gain. 
Variable 19.5: total hours relative humidity is above 
desired maximum. 
Variable 19.6: total hours relative humidity is below 
desired minimum. 
[variable! ^ pariable] 
[total J [total _J [number of hours between 
weather observations 
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MAIN 20  
19.2. 
WRITE 
Data 20.1 
CALCULATE 
Var. 20.1 
Eqn. 20.1 
WRITE 
Data 20.2 
Data 20.1: daily value of: 
- date, 
- building conductive heat transfer, 
- building solar energy gain, 
- ventilation heat transfer, 
- supplemental heat, 
- hours relative humidity is above desired maximum, 
- hours relative humidity is below desired minimum, 
- average inside dry-bulb temperature. 
Variable 20.1: day number. 
Equation 20.1: [day numberj = [day numberj + 1 
Statement 20.1: Day number £ 31 
Data 20.2: January totals for: 
- building conductive heat transfer, 
- building solar energy gain, 
- ventilation heat transfer, 
- supplemental heat, 
- hours relative humidity is above desired maximum, 
- hours relative humidity is below desired minimum, 
- hours 2nd stage fans are in operation, and 
- hours 3rd stage fans are in operation. 
20.4 
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APPENDIX D: 
PROGRAM LISTING 
n program 
SJOB HUHNKE>TIME=20 
1 DIMENSION SURFIS. S* .OSOL* 8.6 ) 
2 DIMENSION HTVPEO I *H0GS(5) .HGMT< S> «TX! 8> .OPX(8> .I0ATE(2) 
3 DIMENSION CFM(3)•TFANl3) 
4 REAL MGMT.LOHUM 
5 DIMENSION Rf6).HOCR(a}.KEFF(7).TSUN(7l.AREAiS» 
6 COMMON AOC5I.Al{S>.A2fS).A3(S).Bl(S)*B2(S).a3<St.8COSZ(8I.BCOS«(8} 
X.BCOSSCai.ABSStSl 
7 REAO(S.821) lOAV.NHR 
8 821 FORMATC2I4) 
C 
C INPUT SOLAR CONSTANTS 
C 
9 DO 7 1^ 1.5 
10 7 READ(5.805) AO(I*.AI(II.A2(I*.A3(I1.81(1).82(1).83(1) 
11 805 FORMAT(7F10.0) 
C 
C INPUT INTERNAL ENVIRONMENT PARAMETERS 
C 
12 REAO(5.810) TIMIN.TIMAX.(CFM(I).TF ANC) .1=1.3) 
13 810 FORMAT(8F10.2) 
14 REAO(S.800) (HTYPE(I).(=1.3).(HOGSII).HGHT(I).1=1.5) 
15 800 FORMAT(3A4.3X.t0F5.0) 
16 REAO(5.at5) LOHUM.HIHUM 
17 815 FORMATI2FI0.2) 
18 READ(5.822) MGMT 
19 822 FORMAT(F4.2) 
20 «RITE(6.904) 
21 904 FORMAT** 1 ».//////.T14,* INPUT DATA INTERNAL PARAMETERS' ./) 
22 WR1TE(6.90S> TIMIN.TIMAX 
23 905 FORMAT** 0".T14."TEMPERATURE: MINIMUM «...« FS.l.* F ./,T27. 
X'MAXIMUM ..... .FS.l.* F») 
24 MR1TE(6.908) LOHUM.HIHUM 
25 9 08 FORMAT* « 0».T14."RELATIVE HUMIDITY RANGE:".FS.l." TO°.FS.l. 
X" PERCENT") 
26 WRITE(6«906) (I.CFM(I).TFAN*I).l=l.3) 
27 906 FORMAT*"0".T14."VENTILATION:".*T27,"FAN NO.».12." AT",F5.1. 
X" CFM ON AT".F5.1." F"./)) 
26 VRITE*6.907) (HTVPE*1).1=1.3).*HOGS*I).HGWT( I).1>I.5) 
29 907 FORMAT** ".T14."HOG TYPE:*.3A4.,*T40.F6.1." HOGS AT.F6.1. 
X" LB"./)) 
30 *RITE(6.911) MGMT 
31 911 FORMAT("0* «T14.« MANAGEMENT FACTOR = ",F4.2./) 
C 
C INPUT STRUCTURAL PARAMETERS 
C 
32 •RITE(6.912) 
33 912 FORM ATC I * .////// «T14 . * INPUT DATA — STRUCTURAL PARAMETERS*) 
34 «R1TE(6.909) 
35 909 FORMAT(* 0*•T39."AREA" .SX. R".8X."HOCR".5X."BCOSZ*.SX."BCOSV".SX. 
X"8COSS*.6X."ABSS" ) 
36 DO 12 1=1.8 
37 REAO(S.820) *SURF(I.J).J=1,S).AREA*I)«R*I).HOCR*D.BCOSZ*I). 
XBCOSM*I).BCOSS*I).ABSS(1) 
38 820 FORMAT(SA4.7F7.1) 
39 MR1TE(6.910) (SURF( I. J) .J^ l^.5) . AREA( I ) .R( I ).HOCRC I) .BCOSZ( I) . 
XBCOSHd) .BCOSS* I).ABSS(I) 
40 910 F0RMAT**0".T14.5A4.F10.1.F10.2.F10.1.3F10.3.F10.2) 
41 12 CONTINUE 
*2 
•3 
44 
4S 
46 
47 
46 
49 
sa 
SI 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
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WRITE(6.913» 
913 FORMAT*' 0* .T14,'*#***»*$* 
IT 14. «VARIABLE DEFINITIONS* •/•T14. 
2*AREA ..... AREA OF BUILDING SURFACE* SO FT COR LENGTH OF PERIMETE 
3R. FT}.««/.T14. 
4*R ........ SURFACE THERMAL RESISTANCE* HR-SQ FT-F/BTU.••/*TI4* 
S'HOCR ..... OUTSIDE CONVECTION-RADIATION HEAT TRANSFER COEFFICIENT 
6 OF BUILDING SURFACE* STU/HR-SQ FT-F.*) 
«RITE<6*914> 
914 FORMAT*' '.T14,'8COSZ .... DIRECTION COSINE OF NORMAL TO SURFACE 
1VERTICAL REFERENCE AXIS. RADIANS.*./*T14. 
2*8COSW .... DIRECTION COSINE OF NORMAL TO SURFACE* REFERENCE AXIS 
3H0R120NTAL TO WEST* RADIANS.**/*T14* 
4*8C0SS .... DIRECTION COSINE OF NORMAL TO SURFACE. REFERENCE AXIS 
SHORIZONTAL TO SOUTH. RADIANS.•./•Tt4« 
6*ABSS ..... SURFACE SOLAR ABSORPTIVITY* DECIMAL.'*/) 
C 
C CALL RESISTANCE SUBROUTINE 
C 
CALL RESISTCAREA.R.KEFF) 
13 CONTINUE 
C 
C SET INITIAL CONDITIONS 
C 
NP=24/NHR 
TI = 72.0 
RHI 3 70.0 
TOSUPPaO.O 
MGSzQ.O 
TVENTRxO.O 
TQVENT'0.0 
T08LD«0.0 
TOSOL'O.0 
TRHLOMzO.O 
TRHlGKsO.O 
THRFN2«0.0 
THRFN3>0.0 
OO 8 1=1*5 
8 HGS=MGS*MOGS*I* 
C 
CALL PSVSUN(TI.«8I.RHl.«l.HI.OPI*SVI.2> 
C 
«RITE(6.9S41 
954 FORMAT!' l'.//////,T14.*OATE* *T33*• XQBLO*.T47. 'XOSOL' •T64*'XOVENT'* 
XT83,•aSUPP'*T9S.*RHI6H'.T106.'RHLOM**Ttl7.'AVCTI« */) 
10 READ*S.830*ENO>IOOO) <TX(I).OPXCI)*1=1.NP)«lOATE 
830 F0RMAT<16F4.0.SX*2A4> 
C 
CALL SOLARilOAV.OSOL.NHR) 
C 
XOSUPPsO.O 
XOVENTsO.O 
XQ8L0=0.0 
XQSOL=0«0 
RHIGM=0.0 
RHLOMsO.O 
AVGT1=0.0 
DO 500 I«1«NP 
DO IS N»l*6 
TSUNCNlsQSOLCI.NI/HOCRCN} 
81 
82 
83 
84 
8S 
86 
87 
88 
89 
90 
91 
92 
93 
94 
99 
96 
97 
98 
99 
100 
101 
102 
103 
104 
109 
106 
107 
108 
109 
1 1 0  
111 
112 
113 
114 
Its 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
99 
19 CONTINUE 
TSUN{7}sO.O 
C 
C ««ZEROING COUNTERS** 
C 
ICNT = 0 
JCNT = 0 
LAST'O 
LAST2=0 
OSUPPtxO.O 
VRFANZsO.O 
VRFAN3=0.0 
TO = TX<1> 
OPO = OPXIII 
C 
CALL PSYSUNITO.WBO.RMO.MO.HO.OPO.SVO.S* 
C 
GO TO 30 
20 M = 3 
21 CONTINUE 
C 
CALL PSVSUNtTX.Hai.RHI.WI.HttOPI«SVI.N) 
c 
IFCOPl-TI>30.30.29 
29 M=5 
DPI^ TI 
GO TO 21 
30 CONTINUE 
C 
CALL ANHEATI HOGS•HGNT.TI.SENHT.AMOIST.MGMTI 
C 
IF(LAST2.GT.0> GO TO 31 
CFX>CFMC t> 
IFCT1.GE.TFAN<2)} CFX«CFM(2) 
IF(TI.GE.TFANI3)) CFX>CFM{3> 
VENTR>CFX*He5 
31 CONTINUE 
08LD=0«0 
OSOLARsO.O 
DO 32 N-1.7 
TE'TO^ TSUNCNI 
OBLOsOBLO^ KEFFINI•(TI-TE) 
OSOLAR»OSOLAR*KEFF(N>*TSUN(N) 
32 CONTINUE 
OVENT«l4.4«VENTR*(T I- TO >/SVt 
OSUPP z OSLO *• OVENT - SENHT 
IFCLAST.GT.O) GO TO 400 
IFllCNT.GT.O) GO TO 221 
IFfJCNT.GT.O) GO TO 231 
1F(OSUPP)230*230.220 
C 
C****** DECREASE IN INSIDE TEMPERATURE •••*•* 
C 
221 CONTINUE 
IF*OSUPP.GT.0.0I CO TO 220 
00 222 J»2,3 
IFtTFANf JI.LT.TI.OR.TFANi JI.GT.tTt-fl.OllGO TO 222 
TI«TFAN< 
CFX « CFMCJ>-(CFM(J>-CFM(>-ll>*OSUPPI/(OSUPPl-OSUPP} 
VENTR>CFX*HSS 
127 
128 
129 
130 
131 
132 
133 
13* 
135 
136 
137 
138 
139 
1*0 
1*1 
1*2 
1*3 
1** 
1*5 
1*6 
1*7 
1*8 
1*9 
ISO 
151 
152 
153 
15* 
155 
156 
157 
158 
159 
160 
161 
162 
163 
16* 
165 
166 
167 
168 
169 
170 
171 
172 
173 
17* 
175 
176 
177 
178 
179 
180 
181 
182 
183 
100 
WtsAMOIST«SVI/*60.0*VENTR)4'«0 
LAST2=1 
222 CONTINUE 
IF(LAST2«EQ,«)TI*TI-aSUPP/(QSUPPl-0SUPP) 
LAST^ l 
GO TO 20 
220 CONTINUE 
•1sAMOXST*SV1/(60.0*VENTR)*WO 
tF((TI-1.0>.CT.TININ} GO TP 22* 
TI>TIMtN 
LAST'l 
GO TO 20 
22* QSUPPl > QSUPP 
TI = TI - 1.0 
ICNT » 1 
GO TO 20 
C 
c****** INCREASE IN INSIDE TEMPERATURE ****** 
C 
231 CONTINUE 
IFCQSUPP.I-T.O.O) GO TO 230 
DO 232 J>2.3 
IFCTFANCJ}.LT.(TI-1.0).aR.TFAN(J).GT.TI>GO TO 232 
TI>TFAN(J) 
CFX = CFMCJ)-(CFMCJ>-CFMfJ-1)}*aSUPP/(aSUPf^ QSUPPll 
VENTR=CFX#HGS 
M1=AMOIST*SV1/(60.0*VENTRI'*'«0 
LAST2=1 
232 CONTINUE 
IF<LAST2.EO.0)T1«TI-OSUPP/(QSUPP-OSUPPl) 
LAST'l 
GO TO 20 
230 QSUPPl = QSUPP 
Wl>AMOtST*SVl/C60.0«veNTR)«KO 
TI = TI * 1.0 
JCNT = 1 
GO TO 20 
*00 CONTINUE 
IF(TI.GT.TIMIN.OR.QSUPP.LT.O.O) GO TO *01 
XO SUPP«XOSUPP*aSUPP#NHR 
*01 CONTINUE 
XaVENT=XQVENT*QVENT#NMR 
XOBLD=XQ8LO+QBLO#NMR 
XaSOL=XQSOL*QSOLAR*NHR 
IF(RHI.GT.HIHUM1 RHt«HsRHIGH4-NHR 
IF(RMI.LT.LOHUM* RHLOW=«MLOW*NHR 
1F(VENTR.GT.CFM(21«HCSI VRFAN3=VENTR-CFM(2)*H«S 
TMRFN3=THRFN3*VRFAN3/(CFM(3*#HGS)*NHR 
IFIVENTR.GT.CFMlll^ HGSl VRFAN2=I VENTR-VRFAN3}-CFM(1 >*H6S 
THRF N2>T HRFN24-VRF AN2/( CFM ( 2 ) • HGS } • NHR 
AVGT ImAVCTI*TI/NP 
500 CONTINUE 
TOSUPP=TQSUPP+XOSUPP 
TQVE NT»T0VENT*XQVENT 
Ta8LO»TQBLO*XQ8LD 
TQSOL-TQSOL^ XQSOL 
TRM!GH=TRHieH*RMIGH 
TRMLOWTRHLOIWRHLOW 
»RITEf6.9SS) lOATE.XOBLD.XOSOL.XOVENT.XOSUPP.RMIGM.RMLOW.AVGTI 
955 FORMAT*' •.11X.2A«.6X.F12.1.6X.F8.1.6X>F12.1.6X«Ft2.1*3*7X.F*.l)} 
101 
t84 IOAV=XDAV*X 
185 IF(I0AY.LE.31) GO TO 10 
186 MRITE(6.956)TOBLO 
187 956 FORM AT CO". 10%. «TOTAL BUILDING HEAT TRANSFER (BTU)................ 
X.... ,F12.1/) 
188 HRITE(6.9S7)TOSOL 
189 957 FORMAT<1IX.*TOTAL BUILDING SOLAR ENERGY GAIN (BTUJ................ 
X «.Fiz.:/* 
190 HRITEC6*958)TQVENT 
191 958 FORMAT (1IX, ' TOTAL VENTILATION HEAT TRANSFER I8TU* ................. 
X .F12.1/) 
192 WRITE!6,959)TOSUPP 
193 959 FORMAT*1IX,«TOTAL SUPPLEMENTAL HEAT (BTU)... ...... ...... ....... 
X .F12.1/) 
194 VR1TE(6,960)TRH1GH 
195 960 FORMAT* 1 1X.« TOTAL HOURS RELATIVE HUMIDITY IS ABOVE 80.0 PERCENT... 
X «,F12.1/) 
196 WRITEC6,961)TRHLOM 
197 961 FORMAT*1IX,«TOTAL HOURS RELATIVE HUMIDITY IS BELOW 50.0 PERCENT... 
X «,F12.1/) 
198 •R1TE(6,962)THRFN2 
199 962 FORMATfltX.«TOTAL HOURS STAGE 2 FANS ARE IN OPERATION............. 
X •,FI2.1/) 
200 WRIT E(6.963)THRFN3 
2*1 963 FORMATCllX,«TOTAL HOURS STAGE 3 FANS ARE IN OPERATION............. 
X «.F12.t/> 
202 GO TO 13 
203 1000 CONTINUE 
204 STOP 
205 END 
102 
Subroutine RESIST 
206 SUBROUTINE RES1STCAREA.R.KS=F> 
207 DIMENSION AREA(6).RC81.KEFFC7> 
208 OO to I'1.7 
209 KEFFCItsO.O 
210 10 CONTINUE 
211 IF(AREA<8}.EQ»0.0> GO TO IS 
212 RC l>*RCt}'»RC8l*<AREA( II«-AREAt2) >/AREA(8) 
213 RC2>sR(I) 
21* 15 CONTINUE 
215 DO 20 NML.7 
216 KEFF(NI%AREA*NI/R(N) 
217 20 CONTINUE 
218 RETURN 
219 END 
103 
Subroutine SOLAR 
220 SUBROUTINE SOLARi lOAV .QSOL.NHRi 
221 DIMENSION X(5).OSOLi8.6l 
222 COMMON A015>.AIC5).A2I5)•A3(5)tBl(5)i82f5)•B3(5>«aCOSZt8) 
X.8COSS(8}.AaSSf8) 
223 CCMmO.6 
224 NP=24/NHR 
225 DO 4 1=1 .NP 
226 DO 4 Jsl «6 
227 aSOLfI.J)>0.0 
228 4 CONTINUE 
229 0=I0AY 
230 RAOC = 3.14159/180.0 
231 WD=2.0«3.14159*0/366.0 
232 DO S 1=1.5 
233 X(I) = A0(I*+A1(I)*COS(*OI+A2(l)#COS(2.e#MD)+A3(I)*COS(3. 
XI)*SINCWO>4«2t I>»S1N(2.0*«0>'»B3(I)«S1NI3.0««0> 
234 5 CONTINUE 
235 DECL = XC1)»RADC 
236 ET = X(2) 
237 ASC = X(3* 
238 AEXC = Xf4) 
239 SOF = XC5» 
240 ALAT = 42.0* RAOC 
24t ALNG = 93.6 
242 DO 101 KK«1.NP 
243 H=KK*NHR-NHR*1 
244 12=I1*NHR-1 
245 DO 102 K«II*t2 
246 HK = K-13 
247 HA » ( 15.0*1 HK4-6.0*ET)-ALNG)«RAOC 
248 DCOSZ « SIN( ALAT)*S1N(OECL)*COS(ALAT)*COS(DECL)*COS(HA) 
249 IFtOCOSZ.LT.O.OOl) GO TO 111 
250 DCOSM = COSCOECL)*SINfHA) 
251 DCOSS « -I1.0-OCOSZ**2-OC0SH**2>«*0.5 
252 TEMP = TAK(OECL)/TANiALAT) 
253 IFICOS(HA).GT.TEMP) OCOSS=-OCOSS 
C DNSl IS DIRECT NORMAL SOLAR RADIATION 
C DRS IS DIRECT NORMAL SOLAR RADIATION INCIDENT ON SURFACE 
C B PREFIX MEANS BUILDING 
254 DO 110 N=1.6 
255 COSl = BCOSZIN)*OCOSZ *8COS«IN)*OCOSW «BCOSSiN)*OCOSS 
256 DNSl z 0.0 
257 lFCCOS(HA).6T.TEMP) DNSl » ASC/EXP(AEXC/DCOSZ) 
258 IFiCOSt.LT.O.O) COSlsO.O 
259 DRS = ONSI*COSI*CCM 
260 Y = 0.45 
261 IFIC0SI.GT.-0.2t V s 0.55*0.437*COSI*0.313*(COS!)**2 
C DFSH = SKY DIFFUSE RADIATION ON KOR. SURFACE 
C DFSV = SKY DIFFUSE RADIATION ON VERT. SURFACE 
C DFS = DIFFUSE RAO. ON SURFACE 
C aSOL « SOLAR ABSORPTIVITY OF SURFACE 
262 DFSH z S0F*DNS1 
263 DFSV « SOF*DNSl*V 
264 DFS slOFSH-IOFSH-OFSV) •( l.O-BCOSZ ( NI ) )*CCM 
265 OSOLIKK.N)sOSOL(KK.N)*(ORS«OFS)*A8SS(N)/NHR 
266 no CONTINUE 
267 111 CONTINUE 
268 102 CONTINUE 
269 t o t  CONTINUE 
270 RETURN 
271 END 
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Subroutine ANHEAT 
272 SUBROUTINE ANHEAT!HOSS.HGMT.TI .SENHT.AMOIST.NGMTI 
273 DIMENSION H0GS(5)*HGHTt5) 
27* REAL MGMT 
275 SENHT = O.O 
276 AMOlST = 0.0 
277 ATEMP « TI/100.0 
276 DO to 131*5 
279 IFfHGHTtt*.EO.O.O> GO TO 10 
280 HGWTl'HGKTC1)/100. 
281 XLOGNT = ALOGlOtHGHTl1>) 
282 TOTHT =10.$#(2.*77*0.03*#XLOG*T-0.S77#ATEMP*0.1*8*XLOGWT$#2*0.71O* 
XATEMP**2-0.313#XL0GMT#ATEMP) 
283 AMOl S »10.**(-0.961+0.29 1»HGWT 1-0.785*ATEMP-0.146*HGWT1#ATEMP-
XO. 029*H6I(T 1#$2+1. 375* ATEMP**2 ) OMGMT 
284 SHT» TOTHT-AMOIS*1044. 
285 SENHT3iSENHT4-SHT*H0GSf 11 
286 AMOl STKAMaiST«-AM01S*H0GSC 1 » 
287 10 CONTINUE 
288 RETURN 
289 END 
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Subroutine PSYSUN 
290 SUBROUTINE PSVSUNiOB*MB.R•M.H.OP.SV.Ml 
C 
C SUBROUTINE AUTHOR TSENG-YOA SUN. 1971 
C "HEATING.PIPING.& AIR CONDITIONING* .«3(10):98-100 
C PSYCHOMETRIC SUBROUTINE USES A.S.H.R.A.E. M.OCORITHMS 
C 
C FOR M=1 , INPUTSOB.WB OUTPUTER .W.H.OP. SV 
C FOR M=2. INPUTsOB.R 0UTPUT=W8,*.M.0P .SV 
C FOR M=3. INPUT«OB.M OUTPUTsMB.R.H.OP.SV 
C FOR INPUTsOB.H OUTPUT^ NB.R.M.OP>SV 
C FOR MsS. INPUTsOB.OP OUrPUT>H8«R.V.H.SV 
C 
291 DATA PB.FS/29.921.1« 00*5/ 
292 GO TOt10.20.30.«0.501«M 
293 10 PVPxPVfOB.WS.PB.FSl 
294 Ws0.622*FS*PVP/(PB-FS*PVP> 
295 RsPVP/PVSFCOB) 
296 GO TO IS 
297 2 0 WxWF(08.R.P8.FSI 
298 GO TO 25 
299 50 PVPsPVSFCDP) 
300 N30.622*FS*PVP/tP8-FS*PVP) 
301 GO TO 30 
302 40 W=(H-0.24$DB)/(1061.+0.444*08) 
303 30 RxRHFCDB.W.PB.FS) 
304 2S WBsMBFfOB.M.PB.FS) 
305 IFtM-S)lS.45.15 
306 IS OP>DPF(OB.«.P8.FS> 
307 IPCN-4)4S.55.45 
308 45 H=0.24#08*(1061.*0.444*08 * 
309 55 R=R*100. 
C 
C SPECIFIC VOLUME AT TEMPERATURE OB AND HUMIDITY RATIO « 
C 
310 SVzI53.3S2*(459.67+DB */(P8*70.7262)I*(1.0*1.6078*#* 
3t1 RETURN 
312 END 
C 
C SATURATED VAPOR PRESSURE AT TEMPERATURE 08 
313 FUNCTION PVSFIOB) 
314 DATA A.8.C/-7.90298.5.02808.-1.3816E-7/ 
315 DATA 0,E.F/ll«344,8.1328E-3.-3.49149/ 
316 DATA G«H,P,0/-9.09718.-3.56654.0.876793.6.0273E-3/ 
317 T«(D8+459.688*/1.8 
318 IF(T.LT.273.16)GO TO 3 
319 Z*373.16/T 
320 S=A**Z-l.)+8*ALOei0&Z*+C*(10.**(0#<l.»-1.0/Z* *-1.0) 
321 S=S*E*(10.**XF»(Z-1.))-l.) 
322 GO TO 4 
323 3 Z»273.16/T 
324 S«G*(Z-1.**H*ALOG10(Z)*P*(1.-1./Z)*ALOG10(Q* 
325 4 PVSF»29.921*10.** S 
326 RETURN 
327 END 
C 
C VAPOR PRESSURE AT TEMPERATURES 08 AND «8 
328 FUNCTION PVtOB.HB.PB.FS) 
329 RsO.O 
330 PVS>PVSF<«B) 
331 
332 
333 
33* 
335 
336 
337 
338 
339 
3*0 
3*1 
3*2 
3*3 
3** 
3*5 
3*6 
347 
3*8 
3*9 
350 
351 
352 
353 
35* 
355 
356 
357 
350 
359 
360 
361 
362 
363 
36* 
365 
366 
367 
368 
369 
370 
371 
372 
373 
37* 
375 
376 
377 
378 
379 
360 
361 
382 
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IF<OB«LE.a8>GO TO * 
WS»0•622*PVS/fPS-PVS) 
IFf»B»CT.32.0>GO TO 2 
pvspVS-5» 70*E-**P8«(OB-WB >/l.8 
GO TO 3 
* PVmPVS 
60 TO 3 
2 C08sf0&-32.0l/l.a 
CMBs<«8-32.0>/1.8 
HL=:S97.3 l*Om **09*CD8-C«B 
CH=0.2*02*0.4409«HS 
EX> C MS-CH* f C08-C«B )/HI. )/O • 622 
PV«PB*EX/1 
PV=PB»E%/(1.0+EX* 
IFCR.GT.O.OIGO TO 3 
RxPV/PVSFCOBl 
IFCR.GT.O.llGO TO 3 
WS=0.622#FS#PVS/(PB-f S*PVS* 
GO TO 2 
3 RETURN 
END 
C 
C HUMIDITY RATIO AT TEMPERATURE OB AND RELATIVE HUMIDITY R 
FUNCTION WFlOB.RaPB.FS) 
PVSKPVSFCOB) 
MS»0.622#FS»PVS/(PB-fS*PVS* 
R=R$0.01 
OS«R*fPB-FS*PVS)/<P8-R*FS*PVS) 
WF=*S»OS 
RETURN 
END 
C 
C RELATIVE HUMIDITY AT TEMPERATURE D8 AND HUMIDITY RATIO M 
FUNCTION RiffDB.W.PB.FS) 
PVS«PVSF<08> 
WS«0•622*FS*PVS/1P8-F S*PV S * 
os=B/es 
RHF»OS/Cl.O-<1.0-OSI*FS*PVS/P8) 
RETURN 
END 
C 
C «8 TEMPERATURE AT TEMPERATURE OB ANO HUMIDITY RATIO « 
FUNCTION HSFfOB.M.PB.FS) 
«BF>08 
PVOaP8«V/((0.622*'M)*FSI 
11 PVP=PV<D8.*BF.P8.FS* 
IF(PVP-PV0120»30»10 
10 MBF*N8F-1«0 
GO TO 11 
20 •BH«M8F«'1.0 
PVMBPV(OB»HBH*PB*FS> 
X^ CPVD-PVPI/IPVH-PVP> 
*8F»M8M*X$#BF#I 1 .O-X* 
30 RETURN 
END 
C 
C OP TEMPERATURE AT TEMPERATURE OB AMD HUMIDITY RATIO • 
FUNCTION DPFCD8.M.PB.FS) 
0PF«08 
PV(>sPB*«/I (0 .622«-»} «r SI 
383 
384 
385 
386 
387 
388 
389 
390 
391 
392 
11 PVSzPVSFXOPF) 
lF(PVS-PV0l20t30«10 
10 DPFxOPF-l.O 
GO TO 11 
20 OPM-DPF+l.O 
PVHsPVSFlOPH) 
X= CPVD-PVS»^  C PWH-PVSI 
OPF=OPH#X*DPF#*1.O-X) 
3 0 RETURN 
END 
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APPENDIX E: 
SAMPLE INPUT 
INPUT DATA INTERNAL PARAMETERS 
TEMPERATURE: MINIMUM ..... 70.0 F 
MAXIMUM ..... 85.0 F 
RELATIVE HUMIDITY RANGE: 50.0 TO 30.0 PERCENT 
VENTILATION: FAN NO. L AT 3.0 CFM ON AT 45.0 F 
FAN NO. 2 AT 16.0 CFM ON AT 75.0 F 
FAN NO. 3 AT 36.0 CFM ON AT 85.0 F 
HOG TYPE: NURSERY ..... 640.0 HOGS AT 50.0 LB 
0.0 HOGS AT 0.0 LB 
0.0 HOGS AT 0.0 LB 
0.0 HOGS AT 0.0 LB 
0.0 HOGS AT 0.0 LB 
MANAGEMENT FACTOR = 1.00 
INPUT DATA — STRUCTURAL PARAMETERS 
AREA R HOCR BCOSZ BCOSM BCOSS ABSS 
ROOF SURFACE I 1012.0 0.8S 4.0 0.94S 0.000 -0.327 0.50 
ROOF SURFACE 2 1012.0 0.85 4.0 0.945 0.000 0.327 o.so 
MALL SURFACE 1 640 .0 - 6.00 4.0 0.000 0.000 -1.000 0.50 
MALL SURFACE 2 640.0 6.00 4.0 0.000 0.000 1.000 o.so 
MALL SURFACE 3 192.0 6.00 4.0 0.000 -1.000 0.000 0.50 
MALL SURFACE * 192.0 6.00 4.0 0.000 1.000 0.000 0.50 
PERIMETER 208.0 2.22 0.0 0.000 0.000 0.000 0.00 
CEILING SURFACE 1920.0 6.00 0.0 0.000 0.000 0.000 0.00 
VARIABLE DEFINITIONS 
AREA ..... AREA OF BUILDING SURFACE. SO FT (OR LENGTH OF PERIMETER. FT). 
R ........ SURFACE THERMAL RESISTANCE. HR-SQ FT-F/8TU. 
HOCR ..... OUTSIDE CONVECTION-RADIATION HEAT TRANSFER COEFFICIENT OF BUILDING SURFACE. BTU/HR-SQ FT-F. 
BCOSZ .... DIRECTION COSINE OF NORMAL TO SURFACE VERTICAL REFERENCE AXIS. RADIANS. 
BCOSM .... DIRECTION COSINE OF NORMAL TO SURFACE* REFERENCE AXIS HORIZONTAL TO WEST. RADIANS. 
SCOSS .... DIRECTION COSINE OF NORMAL TO SURFACE. REFERENCE AXIS HORIZONTAL TO SOUTH. RADIANS. 
ABSS ..... SURFACE SOLAR ABSORPTIVITY. DECIMAL. 
n o  
APPENDIX F: 
SAMPLE OUTPUT 
DATE XQBLD XQSOL XQVENT QSUPP RHIGH RHLOH AVGTl 
01/01/64 626042.3 30304.2 ' 2054965.0 394617.4 24.0 0.0 71.3 
01/02/64 482083.6 30405.9 1714864.0 0.0 21.0 0.0 72.6 
01/03/64 SOI 185.1 30516.1 1691208.0 0.0 24.0 0.0 72.9 
01/04/64 539228.3 30637.0 1836100.0 97422.2 21.0 0.0 71.6 
01/05/64 539234.6 30768.9 1762951.0 14925.4 24.0 0.0 71.2 
01/06/64 578811.6 30909.0 1888912.0 118022.8 24.0 0.0 70.5 
01/07/64 581536.1 31057.3 1909605.0 241725.4 24.0 0.0 71.7 
01/08/64 951480.2 31213.6 1804088.0 29022.2 24.0 0.0 70.7 
01/09/64 884579.1 31377.6 2846857.0 1336270.0 24.0 0. 0 70.0 
01/10/64 942997.4 31549.4 3029778.0 1577610.0 24.0 0.0 70.0 
01/11/64 747518.0 31728.6 2419183.0 771536.1 24.0 0.0 70.0 
01/12/64 068417.4 31915.3 2797548.0 1270799.0 24.0 0.0 70.0 
01/13/64 987356.4 32109.3 3170226.0 1762416.0 24.0 0.0 70.0 
01/14/64 827009.3 32310.S 2670679.0 1102524.0 24.0 0.0 70.0 
01/15/64 745477.0 32518.6 2414993.0 779904.6 ' 24.0 0.0 70.2 
01/16/64 658628.0 32733.7 2144470.0 407933.4 24.0 0.0 70.0 
01/17/64 S497S1.0 32955.6 1800891.0 78902.4 24.0 0.0 71.4 
01/18/64 536885.3 33184.1 1836882.0 120809.1 21.0 0.0 72.0 
01/19/64 541124.2 33419.6 1777333.0 14170.5 24.0 0.0 71.0 
01/20/64 SI2639.7 33663.4 1732479.0 38170.1 24.0 0.0 72.3 
01/21/64 41S169.8 33917.0 1636904.0 0.0 21.0 0.0 74.5 
01/22/64 437586.0 34181.6 16S9334.0 0.0 24.0 0.0 73.8 
01/23/64 598137.3 34458.5 1960813.0 184003.7 24.0 0.0 70.2 
01/24/64 682003.3 34747.5 2224733.0 514588.7 24.0 0.0 70.0 
01/25/64 748243.4 35048.2 2433194.0 787233.2 24.0 0.0 70.0 
01/26/64 745839.9 3S3S9.8 2426610.0 777284.4 24.0 0.0 70.0 
01/27/64 835350.7 35687.0 2707130.0 1147315.0 24.0 o.o 70.0 
01/28/64 329153.4 36025.3 2689298.0 1123287.0 24.0 0.0 70.0 
01/29/64 589292.6 36375.2 1981931.0 277943.6 24.0 0.0 71.5 
01/30/64 358813.5 36737.7 1982199.0 279449.8 21.0 0.0 71.9 
01/31/64 482598.4 37105.S 1692078.0 0.0 21.0 0.0 72.8 
TOTAL BUILDING HEAT TRANSFER (BTU*..  .....  . ....... 20124110.0 
TOTAL BUILDING SOLAR ENERGY GAIN (8TU1024920.0 
TOTAL VENTILATION HEAT TRANSFER 66658040.0 
TOTAL SUPPLEMENTAL HEAT IBTUI... ...... ............. 15247880.0 
TOTAL HOURS RELATIVE HUMIDITY tS ABOVE 80.0 PERCENT... 726.0 
TOTAL HOURS RELATIVE HUMIDITY IS BELOW SO.O PERCENT... 0.0 
TOTAL HOURS STAGE 2 FANS ARE IN OPERATION............. 4.2 
TOTAL HOURS STAGE 3 FANS ARE IN OPERATION 0 .0  
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SECTION II. 
MOISTURE REMOVAL RATE FROM A SWINE NURSERY BUILDING 
113 
INTRODUCTION 
The high cost of electricity and fossil fuels has caused swine 
producers to become increasingly aware of on-farm energy consumption. A 
recent article in a popular farm magazine indicated that about 25 percent 
of the total energy consumed in a farrow-to-finish swine production 
operation is in the ventilation and heating systems. The article further 
states that up to 70 percent of the energy lost in a well-managed 
facility escapes through the ventilation system. This proportion can 
reach as high as 90 percent in a poorly managed facility. 
During cold weather, ventilation requirements of a swine facility 
are based on the moisture produced in the building. It is desirable to 
maintain a relative humidity between 50 and 80 percent to control 
airborne bacteria (Curtis, 1978). Higher humidities contribute to rapid 
equipment and building deterioration (Jones et al., 1980). At present, 
there is no reliable, inexpensive device to sense and control relative 
humidity in the corrosive environment of confinement swine buildings. 
Therefore, equipment used to provide winter ventilation must be sized 
based on room moisture production estimates. 
The recommendations offered by the Midwest Plan Service (1977) are 
examples of minimum winter ventilation rates based on sol id floor room 
moisture production data (Bond et al., 1959). The data were collected 
from pigs weighing over 45 lb. The ventilation rates for nursery pigs 
were determined by linearly extrapolating the moisture production 
relationship into the under-45 lb region. The recommendations make no 
mention of buildings with other floor types, such as a fully slotted floor 
1 ) 4  
which has been associated with a lower level of room moisture production 
compared to the solid floor option (Harman et al., 1968). It was shown 
in the previous section that floor type plays an important role in 
determining energy consumption when considering the quantity of sensible 
heat carried in the ventilation air to control moisture. Using Midwest 
Plan Service recommendations, the simulation model showed that buildings 
employing slotted floors showed relative humidity levels consistantly 
below the desired 50 to 80 percent range. Low relative humidities 
indicate that the fans are moving excessive quantities of air, which in 
turn means more supplemental heat is needed. 
Two other factors, which are not addressed by current ventilation 
recommendations, are inlet air relative humidity and floor surface area 
allotted per pig. Remmele et al. (1973) determined that over one third of 
the variation in moisture production from a slotted-floor beef finishing 
facility could be attributed to inlet air relative humidity and animal 
dens i ty. 
Harman et al. summarized the problem of sizing ventilation systems 
for moisture control: 
"The moisture-vapor-removal rate from a swine finishing 
house fluctuates considerably because of factors that 
as yet are beyond the control of the hog producer and 
this fact should also be realized when designing a 
swine-barn ventilation system." 
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OBJECTIVES 
The overall objective of this investigation was to determine the 
room moisture production of nursery pigs in a commercially operated, 
fully slotted-floor building during the winter. Specific objectives were: 
1. To determine the measurable physical parameters having the 
greatest influence on room moisture production. 
2. To develop a mathematical model, using the most pertinent 
variables, to predict room moisture production and compare the 
resulting regression equation to previously developed models. 
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REVIEW OF LITERATURE 
Room Moisture-Vapor Production 
Swine heat and moisture losses were first determined by Bond et al. 
(1952) in the 9 ft x 14 ft x 7 ft high California Psychrometric Chamber. 
Three groups of four to five pigs were used in the study. The total heat 
loss, for environmental temperatures ranging from 40 to 100°F, was 
partitioned into latent and sensible heat loss. 
The air velocity was held at 15 to 30 ft/min. The air exchange 
rate was approximately 20 per hour. The relative humidity was maintained 
at about 50 percent. No bedding was used on the solid-concrete floor. 
The animals were weighed after each test period of one week. Calorimetric 
measurements were made during the last three days of each period. 
The total hourly heat loss for one group is shown in Figure 8a 
(Bond et al., 1952). The average pig weights at the beginning and end of 
the test were 58 and 81 lb, respectively. The individual pig weights 
ranged from 42 to 124 lb. Figure 8a also shows the amounts of water the 
pigs drank, the water removed in the ventilating air, and the water lost 
as vapor through the lungs and skin of the pig. The quantity of water 
removed from the chamber was determined by measuring the relative humidity 
and temperature of the entering and exhaust air. 
Bond et al. observed that only a portion of the water removed in 
the ventilating air was from the animals; the remainder was evaporated 
from the feces, urine, and watering system. The researchers noted the 
ratio between the water vapor in ventilating air and from the pig varied 
with the air temperature, with the place of urination with respect to the 
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Figure 8a. Effect of environmental temperature on 
heat loss and water relationships 
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floor drain, and whether or not lime was used on the floor. 
In 1959, Bond et al. measured the quantity of moisture removed by 
the ventilation system of the California Psychrometric Chamber from forty-
three groups of four to five hogs ranging in weight from 45 to 380 lb. 
The animals were exposed to constant temperatures of 40 to 100°F for a 
period of seven days. Room heat and moisture measurements were monitored 
continuously during the last two days of each week. 
Air velocities around the animals ranged from 15 to 30 ft/min. The 
relative humidity was kept as near 50 percent as possible. No bedding 
was used. The floor was cleaned twice daily. 
Bond et al. partitioned the total heat released by the hogs into the 
four methods of heat transfer: conduction, convection, radiation, and 
evaporation. The evaporation portion was determined by deducting the 
other three transfers from the total. The exact origin of the evaporation 
could not be determined. It was noted that hog size had little effect 
on the proportion of heat loss by each method of heat transfer. Table 17 
was developed by averaging the calculated percentages at each test 
cond i t ion. 
Bond et al. calculated the moisture removed from the room using the 
known airflow rate and the difference in the moisture content between the 
entering and exhaust air. They developed a series of continuous curves 
correlating room moisture removal with hog weight and air temperature 
(Figure 8b). The regression equation for these curves is: 
Y = -0.961+0.291H-0.785T-0.146(H)T-0.029H^+1.375T^ [10] 
Table 17. Effect of temperature on the percent of total heat loss by each 
of the four methods of heat transfer 
Air 
temperature 
(F) 
Percent of total heat loss 
Conduction Convection Radiation Evaporation 
ko 12.8 37.8 34 .9 14.5 
50 12.8 38.7 33 .0 15.5 
60 11.8 38.7 32 .9 16.6 
70 10.7 34.3 27 .0 28.4 
80 7.7 32.0 23 .0 37.3 
90 7.4 20.7 17 .2 54.7 
100 2.8 5.0 2 .6 89.6 
0.5 T-
Fîgure 8b. Room moisture production from a hog house with a solid-concrete 
floor, scraped daily 
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where Y = logarithm to base 10 of the moisture removal rate 
in Ib/hr per pig 
H = 1/100 of body weight, lb 
T = 1/100 of inside air temperature, F 
The multiple correlation coefficient of the above equation was 0.885 and 
the standard error of estimate was 0.065 Ib/hr. 
Harman et al. (1968) examined the effect of floor type on the 
required moisture removal rate from swine finishing houses using three 
17 ft X 17.5 ft pens containing 39 to 40 pigs per pen. This is approxi-
2 
mate1y 1.k ft per pig. One pen had a fully slotted floor with 4-in. 
wide oak slats spaced approximately 7/8 in. apart; another was solid 
concrete with a 12-in. gutter extending the length of the pen. The 
concrete floor was sloped to the gutter. The third pen had a partly 
slotted floor with a solid concrete area at the front of the pen sloping 
towards the 4-ft wide slotted area at the rear. The slotted area 
consisted of 4-in. wide oak slats spaced approximately 7/8 in. apart. 
The number of pigs per pen were 40, 39 and 40 with beginning weights 
of 76.2, 78.4 and 80.6 lb per pig in the solid, partly slotted and fully 
slotted pens, respectively. The hogs were conditioned to their environ­
ments one week before the test period was started. 
Three similar exhaust systems maintained approximately the same 
ventilation rate. Electric heat was used to eliminate any differences in 
internal ambient air temperatures among the three pens. 
The test period was eleven days. Wet and dry-bulb temperatures 
and airflow readings were taken at 8-min intervals. Each day was divided 
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into eighteen, 80-min periods. The 8-min readings were averaged to obtain 
one observation per period. During the test, the outside temperature 
ranged between 4 and 49°F and the inside temperature ranged at random from 
47 to 80°F. 
The quantity of moisture removed by the ventilation air was calcu­
lated from the airflow rate and the difference between the moisture 
content of the entering and exhaust air. One of the shortcomings of this 
experiment, noted by Harman et al., was the difference in relative 
humidity between the pens. Because airflow rates and ambient air tempera­
tures were approximately the same in all three pens, the pen having the 
greatest moi sture-vapor-removal rate also had the highest relative 
humidi ty. 
The mo isture-removal rates from the three pens were analyzed as 
paired observations using the t distribution. The variances were compared 
using the F distribution. A predicted moisture-removal rate was calcu­
lated using the regression equation developed by Bond et al. (1959). For 
this calculation, the mean hog weight was assumed to vary linearly during 
the two week period. The predicted value and the measured moisture-vapor-
removal rates were also analyzed as paired observations. 
Harman et al. determined that there were highly significant 
differences between the moisture-vapor-removal rates of the three pens. 
The average moisture-vapor-removal rates for the eleven-day test were: 
0.19 Ib/hr per pig from the solid floor, 0.16 Ib/hr per pig from the 
partly slotted floor and 0.08 Ib/hr per pig from the fully slotted-floor 
pen. 
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Using the least squares method, equations for the moisture removed 
from each pen were developed as follows: 
For the solid-floor pen: 
Y = -0.434-1.711+1.8972 [11] 
For the partly slotted-floor pen: 
Y = 0.0421-3.591+3.487^ [12] 
For the fully slotted-floor pen: 
Y = 0.233-4.801+4.141^ [13] 
where Y = logarithm to base 10 of the moisture removal rate 
in Ib/hr per pig 
T = 1/100 of inside air temperature, F 
Plotting the observed moisture-vapor-removal rate curve with the 
predicted curve developed from the regression equation of Bond et al., 
Harman et al. observed that there was no significant difference between 
the two curves for the solid floor pen. There was a significant 
difference between the predicted and observed moisture-vapor-removal rates 
from the partly and fully slotted-floor pens. The predicted rate was 
greater than the measured. 
Harman et al. noted that fluctuations in the moisture-vapor-removal 
rates which caused a wide scatter in the plotted points could be attrib­
uted to many factors. The two most significant factors were the amount 
of wetted floor area and hog activity. When large areas of the floor 
were wet and sloppy, the observed moisture-vapor-removal rate was 
increased. At night, when the hogs were quiet, the moisture-vapor-
removal rate decreased. When a person entered a pen or when the hogs 
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were active, the wet-bulb temperature increased substantially. 
From their experiment, Harman et al. concluded that the floor type 
of a finishing building significantly affects the quantity of moisture 
which must be removed by the ventilation system. In addition, they 
determined that the water vapor produced in a fully slotted-floor 
building was 0.42 as much as a solid-floor building. In a partly 
slotted-floor facility, vapor production is directly proportional to the 
percent of the floor that is slotted between the fully slotted and solid 
floors. 
Bond et al. (1965) investigated the influence of increased air 
velocities on heat and moisture losses. The California Psychrometric 
Chamber was modified to serve as a direct-air calorimeter with normal air 
velocity at pig level of about 35 ft/min. The airflow could also be 
increased to 150 or 300 ft/min. Eighteen laboratory tests were made using 
four pigs. The pigs were subjected to one-week periods of either 
continuous high or low air velocities. Air temperature was constant and 
relative humidity was maintained as near 50 percent as possible during 
the test period. In all tests, the walls, floor and air temperatures 
were equal. No bedding was used and the floor was cleaned twice daily. 
The pigs were weighed at the beginning and end of each weekly period. 
Calorimetric measurements were made during the last three days of the 
test period. 
The heat and moisture losses from the animals were determined from 
the entering and exhaust air conditions. Table 18 summarizes the heat 
and moisture losses and the effects of air velocity observed by Bond et ai. 
Table 18. Summary of effects of increased air velocity on animal and room heat losses 
Room 
temp. 
(F) 
Air 
velocity 
(ft/min) 
Hog 
weight 
(lb) 
Animal 
Total 
heat loss 
Cond. 
, Btu/hr 
Rad. 
per pig 
Conv. and 
evap. 
Heat loss 
Btu/h 
Latent 
from room, 
r per pig 
Sensible 
50 35 145 725 81 177 467 306 419 
150 155 818 77 144 597 526 292 
70 35 128 513 49 116 348 223 290 
150 136 551 51 103 397 277 274 
50 35 225 859 109 298 452 166 693 
300 234 1216 93 195 928 478 738 
70 35 247 787 77 198 512 395 392 
300 262 1330 73 148 1109 811 519 
70 35 235 706 73 188 445 229 477 
300 256 770 72 117 581 449 271 
70 35 275 771 86 224 461 270 501 
300 267 950 74 122 754 492 458 
90 35 273 664 49 155 460 530 134 
300 283 881 49 125 707 780 101 
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The researchers noted that the data of Table 18 were too few and 
too variable to provide an accurate estimate of the amount of increase of 
total heat loss due to specific air velocity increases. The data do 
show the relative increases in the total heat loss due to increased air 
velocities. 
Increased air velocity did not have an appreciable affect on 
conduction; while the radiation heat loss was greatly reduced. The net 
increase in total heat loss was caused by a significant increase in the 
convective-plus-evaporative losses. Evaporative animal heat loss by 
itself could not be calculated because its measurement was combined with 
conductive losses. 
The data in Table 18 show the amount of moisture (latent heat) 
removed by the ventilation system was significantly affected by air 
velocity. Bond et al. theorized that only part of the increase in 
moisture removed could be attributed to the animal. Earlier studies by 
the authors indicated that the ventilation air picked up moisture from 
the water trough, feed, feces and urine at the expense of sensible heat 
(Bond et al., 1952;1959). 
Animal Moisture-Vapor Production 
Ingram (1964) attempted to measure surface moisture loss from 
3-month old pigs using a capsule held against the skin through which air 
was drawn. The quantities measured were often at the lower limits of 
measurement for the apparatus. At 77°F, the skin vaporization was 
3.28 X 10 ^ Ib/hr-ft^. At 95°F, the loss was measured at 4.92 x 10 ^  
Ib/hr-ft^. 
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In 1965, Ingram reported using the ventilated capsule to measure the 
evaporative loss from the flank of a pig thoroughly wet with water. The 
pig was exposed to 95°F dry-bulb and 69.8°F wet-bulb temperatures. 
Figure 9 shows the evaporation of water from the skin. The capsule 
initially sampled the room air and indicated zero water loss. Point A 
shows when the capsule was strapped to the pig. The evaporation rate was 
2 
about 0.007 Ib/hr-ft . After soaking the pig's flank (point B), the 
2 
evaporation rate increased to over 0.16 Ib/hr-ft in a very short time 
and then gradually declined as the free water was removed. Even though 
this experiment was undertaken to observe the physiological response of a 
pig, one can assume a similar phenomenon occurs when a pig arises from 
having lain on a wet floor. 
Morrison et al. (1967) measured the total and skin moisture losses 
from two 198-lb Duroc gilts at several psychrometric conditions. The 
difference between the two values was considered to be respiratory loss. 
The airflow in the cage past the pig was about 5 ft/min. The results 
indicated that skin moisture loss was important—ranging from 35 to 67 
percent of the total amount vaporized. The average evaporation at 85°F 
represented about 104 Btu/hr of heat loss. The researchers concluded 
-•3 2 
that about 2.70 x 10 Ib/hr-ft of moisture is loss through the skin and 
-2 
about 3.70 x 10 Ib/hr per pig by respiration from a pig under no stress. 
The "no stress" environmental condition was at 60°F dry-bulb and 50°F 
dew-point temperatures. 
Vergel (1971) studied the effect of air velocity on the heat loss 
from growing-finishing pigs at air temperatures of 55, 73 and 91°F. The 
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Figure 9- Evaporation water loss from the skin of a pig 
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pigs, initially weighing 35 lb, were reared at air temperatures of 73°F. 
At weights of 50, 100 and 150 lb, the animals were individually tested in 
a restricted-motion cage. An air velocity of 140, 380 or 800 ft/min was 
used during the one hour test period. The air was recirculated through 
return plenums. After each test, the test chamber was closed and the 
latent heat rate was determined by the air humidity rise. 
Vergel noted that air movement had no pronounced affect on the 
latent heat loss at air temperatures of 55 and 73°F. At 55°F, the mean 
values of latent heat loss were approximately 132 and 154 Btu/hr for the 
50 and 100 lb pigs, respectively. At 73°F, the latent heat losses were 
118 and 107 Btu/hr, respectively. Only two 100 lb pigs were subjected to 
the 91*F air. At the two lower airflow rates, the mean latent heat loss 
was approximately 276 Btu/hr. At the highest air velocity, the latent 
heat loss was measured at 413 Btu/hr. 
Restrepo et al. (1977) examined the effect of floor and air 
temperatures on the heat dissipated by nine pigs weighing between 53 and 
101 lb. The pigs were acclimated for at least two weeks in a controlled 
environment chamber at the air temperature and relative humidity scheduled 
for each calorimetric test. The pigs were held in individual compartments 
in cages that were placed on shelves in the holding chamber. 
Six floor temperatures, from 50 to 95°F at 9°F increments, were 
maintained at each of three levels of air temperature: 53.6, 75.2 and 
96.8 °F. The dew-point temperature was held constant at 9°F and the air­
flow was maintained at 10 ft^/min. During each one-hour experimental run, 
the animal was unrestrained while in the calorimeter. 
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The researchers noted that the proportion of total heat dissipated 
as sensible heat measured during the study showed the same trend as 
obtained by Bond et al. (1959). Sensible heat decreased as ambient 
temperature increased. 
Restrepo et al. compared the proportion of conduction and latent 
heat as a percent of total heat dissipated found in this study with the 
percentages observed by Bond et al. (1952). The researchers noted that 
the percentages of conduction heat dissipated increased as ambient 
temperature increased from 35 percent at 53-6°F to 56 percent at 96.8°F 
instead of decreasing as in the earlier study. Restrepo et al. 
contributed the discrepancy to the fact that they recorded heat dissipa­
tion from individual, clean animals and no sensible heat was converted to 
latent heat from feces and urine. Latent heat as a percent of total did 
not vary appreciably with the ambient temperatures studied. But the 
percentages did vary with floor temperature. The latent heat percent of 
total was 14 percent at 77°F, 25 percent at 86°F and 31 percent at 95°F. 
Restrepo et al. compared the total heat dissipated to the values 
predicted by Bond et al. (1952) and noted very good agreement for the 
75.2 and 96.8°F air temperatures. For a 79 lb pig, the total heat loss 
was 452 Btu/hr at 75.2°F and 397 Btu/hr at 96.8°F. 
Room Airflow Patterns 
Many of the factors affecting room airflow patterns are illustrated 
in Figure 10 (Carpenter, 1974). Using a full-scale, solid-floor building 
section of 25 ft, Randall (1975) studied some of the most important 
factors affecting the airflow in a swine facility. Butyl bags filled 
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Figure 10. Factors affecting airflow patterns 
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with heated water were used to simulate the size, shape, surface 
temperature and heat released by real pigs. Airflow patterns were 
observed using liquid-film bubbles. 
Randall found that air moved in a series of rotary motions and 
relatively small obstacles caused substantial changes in direction and 
pattern of the air stream. At high ventilation rates, the rotary pattern 
was established by the internal obstructions. At low ventilation rates 
and low incoming air temperatures, thermal buoyancy caused the incoming 
air to fall, drastically modifying the patterns observed at the high 
ventilation rate. 
Pohl and Hellickson (1978) studied the performance of five types of 
pit ventilation systems using a 1/12 scale model swine finishing building. 
The model followed the characteristics of a 24 ft x 90 ft prototype. An 
airflow rate of 10 ft^/min per 150 to 210 lb hog was selected following 
Midwest Plan Service (1977) recommendations for minimum continuous 
ventilation during winter operations. 
The pit ventilation systems studied were the slotted pipe under 
slat, centered duct, outside wall, hooded manure pit exhaust and the 
pressurized pit ventilators. A representative of the five systems 
illustrates the airflow patterns observed by the researchers (Figure 11). 
incoming air was directed in two opposite directions along the ceiling. 
Each stream then moved down the side wall, across the floor until it 
encountered the airflow from the opposite side and then the two streams 
combined and moved upwards. Vertical movement was observed at several 
locations across the length of the model. The air entering the pit 
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Side Baffle 
Center Baffle 
Figure 11. Airflow patterns from a slotted pipe under slat ventilator 
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through the slotted floor decreased as the distance from each wall 
increased. This was attributed to the higher airflows being generated 
along the sidewalls. 
Analyses of variance were used to show the significance of system 
design and baffle location as they affect air velocities. Statistics 
showed the pit ventilation systems did not have a significant effect on 
the air velocity means above the floor at the simulated pig level. The 
average velocity means for the five systems ranged from 129.4 to 166.7 
ft/min for the right and left sides and 101.2 to 125-6 ft/min for the 
front and rear of the model. There were no significant differences in 
the velocity means as influenced by ceiling baffle location. There were, 
however, significant differences between the interaction of ventilation 
system and baffle position at the pig level. The average airflow ranged 
from 95.8 ft/min for the pressurized system with the side baffled inlet 
to 184.2 ft/min for the hooded manure pit exhaust system with the side 
baffled inlet. 
Pohl and Hellickson observed relatively uniform air velocity 
distribution at the pit and swine levels for most of the configurations 
studied. Two exceptions were the outside wall pit ventilator and hooded 
manure pit exhaust systems, which both exhibited non-uniform airflows at 
both locations. They determined that the airflow patterns were adequate 
at the pit and swine levels for the centered duct, outside wall and 
pressurized systems; and inadequate for the slotted pipe under slat and 
hooded manure pit exhaust systems. 
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MOISTURE EVAPORATION FROM THE FLOOR 
Equation Development 
From the earlier discussion on room moisture production, it was 
noted that the amount of wetted floor area greatly affects the quantity 
of moisture to be removed by the ventilation system. A basic under­
standing of mass transfer would indicate that not only surface area, but 
the quality and quantity of air passing over the wet floor are equally as 
important. 
The development of the mass transfer equation applicable to this 
study is analogous to the standard heat transfer equation development for 
flow over a flat plate. The procedure can be found in most standard heat 
and mass transfer texts (e.g., Eckert, 1950). The basic mass transfer 
equation is: 
"vw = ^  < "vw - Pvs ) ['"l 
V 
2 
where W = mass flow rate per unit area, Ib/hr-ft 
vw 
2 2 
144 = conversion from in to ft 
h = mass transfer coefficient, ft/hr 
R^ = gas constant for water vapor (85.80 ft-lb/lb-R) 
T = absolute temperature, R 
. 2 
Pvw = vapor pressure of water surface—saturation, lb/in 
2 
p^g = vapor pressure of air stream, lb/in 
The parameter h can be calculated from a relationship analogous to 
the average heat transfer Nusselt's number for laminar flow: 
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= 0.622 (v/D) (Re^) [15] 
where x = airflow contact distance, ft 
D = diffusion coefficient, ft^/hr 
2 
V = kinematic viscosity, ft /hr 
Re^ = Reynolds number 
Reynolds number for flow over a flat plate is: 
U X 
= — [16] 
where = air stream velocity, ft/hr 
It should be noted that the transition from laminar to turbulent flow 
over a flat plate occurs at about Re^ = 5 x 10^. 
Rearranging and substituting the parameters h and Re^ from Equations 
15 and 16, respectively, into Equation 14, the basic equation for mass 
transfer from a wet floor becomes: 
95.33 D (v/D) (u,/v) 
\ w = _ _ , , 1/2 (Pvw - Pvs) ™ 
R^ T (x) 
The above equation assumes the wetted surface vapor pressure is at 
saturation and the flow is laminar. 
The vapor pressure grandient in Equation 17 can be transformed into 
a more useful term for this study. Assuming the air is heated as it 
enters the building, no moisture is absorbed before it passes over the 
floor, and the floor is the same temperature as the air, then the vapor 
pressure gradient can be replaced by a function of the heated inlet air 
stream relative humidity, 0^: 
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stream relative humidity, 0^: 
Pvs 
«3 = 
^VW 
Therefore, (P^ " ) = (1 " 0^ ) P^ 
Using the above relationship, Equation 17 becomes: 
95.33 D (v/D) (u /v) 
"v„= rniyiTz—"-^s'Pvw t-si 
Approximating Floor Moisture Evaporation 
To estimate the quantity of moisture evaporated from the floor of a 
livestock facility, factors affecting the variables in Equation 19 must 
be considered. Of these variables, the diffusion coefficient (D), kinetic 
viscosity (v ) and saturation vapor pressure (p^^) are directly related to 
the inside air temperature. Heated inlet relative humidity (0) can 
easily be determined from psychrometrics knowing the outside air 
condition. The other two parameters, air contact distance (x) and air 
stream velocity along the floor (u^) are very difficult to determine, as 
discussed in the previous chapter. 
Even though it is very difficult. If not impossible, to determine 
the exact airflow patterns and velocities in a livestock facility, it is 
important to realize the potential contribution floor evaporation makes 
to the total room moisture production. To illustrate this potential, a 
hypothetical building containing no animals was analyzed at various heated 
incoming air relative humidities and inside ambient air temperatures. 
From basic air-mixture relationships, the relative humidity of the 
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heated incoming air was calculated for various inside air temperatures, 
knowing the air stream vapor pressure and the saturation vapor pressure 
of the inside air. Figure 12 shows the relationship between outside air 
at 80% relative humidity and the resulting relative humidity when the 
same quantity of air is heated to the inside ambient air temperature. 
For example, outside air at 10°F and 80°ô relative humidity heated to 70°F 
results in a relative humidity of 6.8%. If the outside condition was 
40°F and 80% relative humidity, the heated incoming air would be at 
26.9% relative humidity. 
Assuming the airflow in a 24 ft wide building is uniform and 
develops two circular patterns each maintaining a floor contact distance 
of 8 ft and a velocity of 50 ft/min, the contribution of floor moisture 
evaporation can be calculated using Equation 19. A plot of floor moisture 
evaporation per foot of building as a function of inside temperature is 
shown in Figure 13. The airflow rate used in this example is based on 
the recommendation by Jones et al. (I98O) that the air velocity at pig 
level should not exceed 50 ft/min during the heating season. 
The potential contribution of floor moisture evaporation to the 
total room moisture production is shown by comparing the results in 
Figure 13 to the room moisture production predicted by Harman et al. 
(1968) for a solid-floor building. Using Equation II, the predicted room 
moisture production per foot of building length for a 24 ft wide building 
section (allotting 7.4 ft^/pig) at 80°F is 0.83 Ib/hr. If the inlet 
relative humidity is 5%, floor moisture evaporation is approximately 
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0.28 Ib/hr (Figure 13). Theoretically, one third of the total moisture 
production observed by Harman et al. could be attributed to floor 
moisture evaporation. 
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FACILITIES AND METHODS 
Building And Equipment 
A 220-head swine nursery, located on the Ag. 450 Farm, Iowa State 
University, Ames, was monitored from February 7 to April 17, 1979 to 
determine the moisture production of a commercially operated facility. 
The 24 ft wide by 30.5 ft long fully slotted-floor building (Figure 14) 
has five 6 ft X 8 ft and five 6 ft x 12 ft pens. The concrete slats are 
5 in. wide, spaced approximately 1 in. apart. 
The ventilation system consists of one 12-inch variable speed, 
two 16-inch variable speed and two 24-inch constant speed fans. The 
12-inch fan, located at mid-length, provides continuous manure tank 
ventilation through a 7.5 in. deep by 30 in. wide duct. During the 
experiment, the variable speed controller on the 12-inch fan was over­
ridden and the outlet was baffled in an attempt to maintain a constant 
airflow. Both 36-inch fans were disconnected and their exhaust openings 
were insulated and taped to prevent infiltration. The door at the East 
end of the building was also taped. A propane-fired, 60,000 Btu/hr 
space heater provided supplemental heat. The unit was equipped with a 
power exhaust ventilator. 
Outside air was drawn into the room through a baffled inlet along 
the length of the building. The inlet was located on the side opposite 
the exhaust fans. The 12 and 24-inch fans exhausted into an outside duct. 
2 
The duct had an inside area of approximately 4 ft . A 3/8-inch welded 
wire screen was located 8 ft from the exhaust end of the duct to produce 
a uniform turbulent flow along the cross-section. Airflow was measured 
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Figure 14. Plan view of Ag, 450 Farm nursery facility 
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using a Kurz Model 430 velocity probe located at  the center and about 
12 in.  inside the duct (Figure 15).  Voltage output from the velocity 
transducer was recorded on a 24-point Esterl ine Angus continuous chart  
recorder.  
A General  Eastern dew-point sensor was used to monitor the inside 
room humidity.  Because the 12-inch fan drew air  from under the slotted 
floor,  an exhaust  air  dew-point reading would have included moisture 
evaporated from the surface of the manure.  A study which ran concurrently 
with this experiment indicated that  there was less than 1.8°F variation 
between the sensor readings and psychrometric chart  values obtained from 
a sl ing psychrometer (Vosper and Bundy, 1979).  The inside and outside 
ambient air  temperatures were measured using Type T Copper-Constantan 
thermocouples.  
The continuous chart  recordings were visually averaged between 
half  hours to obtain one observation per hour.  Data collected during 
periods of fan controller or furnace malfunction were discarded. Room 
moisture production was calculated from the airflow and the difference 
between the moisture contents of the inside and outside air  conditions.  
The outside air  moisture content was determined from dew-point recordings 
by the National Weather Service,  Des Moines Municipal Airport ,  which is  
located approximately 50 miles south of the experiment s i te.  Discussion 
with Iowa State University meteorologists had indicated that  the distance 
between the airport  and the test  si te should not introduce significant 
error.  
Figure 15.  View of velocity probe inside venti lat ion duct 
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Pig Management 
The pigs were weighed at  the end of every two-week period with the 
exception of the last  period which lasted four weeks due to a malfunction 
of the scales.  There was no attempt to record individual weights.  The 
pigs were weighed by group and a total  weight was recorded per pen. 
During the experiment,  the pen mean pig weight ranged from 10.0 to 
128.5 lb and the room mean pig weight ranged from 28.0 to 46.5 and 
56.9 to 72.4 lb.  The wide range in pig sizes was due to the reluctance 
of the producer to move the larger animals to an open lot  f inishing unit  
during an extended period of severely cold weather.  Pig numbers ranged 
from 106 to 179. The mean pig weight was assumed to vary l inearly 
during the period between weighings.  
Statist ical  Analyses 
The dependent variable used in this study was the logarithm to 
base 10 of the room moisture production per pig.  The independent 
variables were air  temperature,  body weight,  body surface area,  occupied 
f loor area,  body weight per occupied f loor area,  body surface area per 
occupied f loor area,  and hour of the day. All  variables,  where 
applicable,  were defined on a per-animal basis.  Body surface area was 
calculated from the pen mean body weight using the Brody formula (Esmay, 
1978).  The formula is:  
A = 0.634 [20] 
2 
where A = surface area,  f t  
V/= body weight,  lb 
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First  and second powers of al l  independent variables (with the exception 
of hour) and their  interaction with temperature were included in the 
init ial  stages of model development.  
Wth the aid of a digital  computer,  a  curvil inear,  multiple 
regression was performed on the data using a standard stat ist ical  analysis 
package (Helwig and Council ,  1979).  One of the major problems 
encountered was determining the appropriate t ime frame. Using al l  of 
the hourly data as individual observations was s tat ist ically unacceptable 
because each hour observation was not independent with respect to the 
previous readings.  Trial  runs using average daily and nightly data,  
calculated from all  hourly readings,  also proved unsatisfactory.  The 
f inal  decision was to use every third hour observation start ing at  
midnight for developing the room moisture production prediction models.  
The data set  comprised 291 observations.  
Table 19 shows the mean, standard deviation,  minimum and maximum 
values of the data set  of observations--outside dry-bulb temperature 
(DBO), outside dew-point temperature (DPO), inside dry-bulb temperature 
(DBI),  inside dew-point temperature (DPI),  inside relative humidity (RHI) 
and venti lat ion rate (CFM). 
A stepwise regression procedure was used to determine the most 
pert inent of the fore-mentioned independent variables in the development 
of the model.  The stepwise regression technique finds the single-
variable model which produces the largest  R (square of the multiple 
correlation coefficient)  stat ist ic.  For each of the other variables,  an 
F-statist ic reflecting that  variable 's  contribution to the model is  
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Table 19.  Statist ics of environmental  variables 
Variable Mean 
Standard 
deviation Mini mum Maximum 
DBG, F 24.96 12.81 -20.80 58.50 
DPO, F 17.93 13.81 -28.00 51.00 
DBI, F 82.55 3.94 69.10 92.10 
DPI,  F 61.29 4.82 51.20 72.80 
RHI, % 49.50 9.09 31.10 71 .80 
CFM, f t^/min 516.25 77.50 299.90 852.70 
calculated,  if  the F-statist ic for one or more of the variables has a 
significant probabil i ty greater than the specified "significance level 
for entry," the variable with the largest  F-statist ic is  included in the 
tnodel.  After the variable is  added, al l  of the variables already 
included are re-evaluated.  If  any variable does not produce a part ial  
F-statist ic at  the specified significance level,  that  variable is  deleted 
from the model.  The process continues unti l  no variable meets the 
conditions for inclusion.  In this study, a significance level of entry 
was 0.50 and the level for retention was 0.10.  
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RESULTS AND DISCUSSION 
Two stepwise regression procedures were used to analyze the data.  
The f irst  procedure developed a series of models (ALLVAR) using al l  of the 
independent variables mentioned in the previous chapter.  A second, more 
practical  series of models (MINVAR) was developed from a shortened l ist  
of variables.  The following are the symbols used in each stepwise 
procedure:  
H = 1/100 of the average body weight,  lb 
T = 1/100 of the inside air  temperature,  F 
2 FA = occupied f loor surface area,  f t  /pig 
2 D = body weight per occupied f loor area,  lb/ft  
2 BS = average body surface area,  f t  
2 2 SF = body surface area per occupied f loor area,  f t  /f t  
HR = 1/100 of mili tary hour of the day 
Table 20 shows the mean, standard deviation,  minimum and maximum for each 
of the independent variables (with the exception of hour) used in this 
study. 
ALLVAR Models 
The results  of the f irst  stepwise regression procedure,  ALLVAR, are 
summarized in Table 21.  Each step in the procedure represents a model.  
Each succeeding model accounts for a higher degree of variation (denoted 
by the increase in the R value) in the data set  of observations.  As 
shown, the square of body surface area is  the most important variable.  
I t ,  alone,  accounts for over 40 percent of the variation.  How body 
surface area affects room moisture production is  difficult  to assess in 
ximum 
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1700 
1130 
1414 
8687 
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Statist ics of independent variables 
Standard 
Mean deviation Minimum 
0.3949 0.1236 0.2838 
0.8255 0.0394 0.6910 
0.3242 0.0945 0.2056 
0.1711 0.1190 0.0805 
0.6829 0.0649 0.4775 
2.6292 0.1965 2.4000 
6.9511 1.0642 5.7600 
2.1659 0.1311 1.7087 
14.9353 4.0044 9.5309 
239.0419 137.4032 90.8371 
12.2858 3.0977 6.7795 
6.0843 1.1613 4.3333 
38.3625 15.8894 18.7778 
5.0047 0.8672 3.4277 
2.3099 0.3577 1.6863 
5.4630 1.7408 2.8437 
1.9038 0.2813 1.2037 
Table 21.  ALLVAR regression models 
Partial  regression coeffici  lents 
Model Int .  BS^ FA*T H HR FA^ H*J FA R2 
1 -1.031 0.0046** 0.4161** 
2 -1.674 0.0038** 0.3117** 0.5323 
3 -1.414 0.0154** 0.2559** -1.414** 
_ AA 
0.5528 
4 -1.378 0.0159** 
A* 
0.2333 -1.378** 0.00186** 0.5659** 
5 -1.346 0.0135** 0.1671** -1.273*"'  
A* 
0.00200 0.0135 0.5707** 
6 -1.163 0.0125** 
sVsV 
0.1757 -3.711** 0.00183** 0.0537*'  
iV îVîV 
0.00219 0.5883 
7 -0.601 0.0155** -0.2917 -6.806 0.00189** 0.1195* 
jV ÎVÎV 
0.00222 3.363** 0.6000** 
8 -4.431 0.0123** -0.5255 -9.264** 0.00192 -0.3868* 
îVîV 
0.00351 4.971** 3.089** 0.6133** 
9 -6.031 0.0116** -0.4108** -8.814** 
>VîV 
0.00202 -0.5487* 0.00482 4.187** 4.040**-1.36 0.6163** 
"> ^ 0.01.  
"P < 0.05.  
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this experiment.  Because surface area was calculated using the pen mean 
body weights and not the room mean body weight,  i t  reflects a more 
accurate estimate of animal s ize,  not only the moisture production 
at tr ibuted to diffusion through the skin.  If  animal s ize is  accounted 
for in body surface area,  moisture loss through the respiratory system 
based on animal s ize is  also represented.  Another avenue of room moisture 
production directly accountable by body surface area,  but difficult  to 
evaluate,  is  surface evaporation from pigs having lain on a wet f loor.  
Kelly et  al .  (1948) showed that  in a comfortable thermal environment,  
growing and finishing hogs l ie down about 22 out of 24 hr with 
approximately 20 percent of their  body surface area in contact  with the 
f loor.  Theoretically,  each t ime a pig arose,  a small  portion of moisture 
was evaporated.  The total  Impact of this evaporation on room moisture 
production is  based on the activity of the pigs.  
The second model includes another highly significant and the second 
most important variable,  f loor surface area per pig as related to inside 
air  temperature.  Previous researchers have recognized f loor area as a 
significant parameter,  but have not at tempted to predict  room moisture 
production as a function of this variable.  Based on the difference in 
2 R values between the f irst  and second models,  the f loor area-temperature 
variable,  when added to the square of body surface area,  accounts for an 
addit ional 12 percent of the variation in the observations.  
Beyond the second model,  the addit ion of pert inent variables,  even 
2 though highly significant in most cases,  increased the R value by less 
than 2 percent in each succeeding model.  Even though the increase in the 
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deviation accounted for by the models is small ,  i t  is  important to note 
which variables are included and at  what rank of importance each entered 
the stepwise procedure.  The order of significance start ing at  the third 
model is :  3,  average body weight;  4,  t ime of the day; 5,  the square of 
the occupied f loor surface area per pig;  6,  the square of the body weight 
per occupied f loor area;  7,  average body weight and air  temperature 
interaction; and 8,  occupied f loor surface area per pig.  In al l  cases,  
the multiple regression model was highly significant.  
M INVAR Models 
A second series of regression models was developed from the stepwise 
procedure using the variables in the previous procedure with the 
exceptions of body surface area and hour.  Eliminating these variables 
enabled the development of models with parameters that  are easier to 
identify and are similar to those variables used by Bond et  al .  (1959).  
As s tated earl ier ,  the Bond regression model,  Equation 10,  is  the basis 
for most room moisture production estimates used to design winter 
venti lat ion systems for environmentally controlled swine facil i t ies.  
2 Table 22 shows the four models and their  respective R values 
determined by the stepwise procedure.  The square of the mean room 
body weight accounted for nearly 40 percent of the variation.  With the 
addit ion of the second most important variable,  f loor surface area per 
2 pig as related to inside air  temperature,  the R value is  very close to 
the value of model 2 in the ALLVAR series.  This indicates that  the square 
of the mean room body weight is  as significant as the square of the 
average body surface area in predicting room moisture production.  
Table 22.  MINVAR regression models 
Partial  regression coefficients ± standard error of estimate 
Model Int .  H: FA*T H r2 
1 
-0.957 0.6014**±0.0435 0.3977** 
2 -1.637 0.4932**±0.0407 0.3227**±0.3695 0.5238** 
3 -1.529 0.4383**±0.0444 0.3484""±0.0375 -0.2260 ±0.0780 
A A 
0.5373 
4 -1.341 1.2258* ±0.5541 0.3314 ±0.0393 -0.2099**±0.0787 -0.7515±0.5270 0.5406** 
*P < 0.05.  
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Because al l  of the variables in the f irst  three models are highly 
significant and the fourth model includes a variable (mean room body 
weight)  that  is  not significant,  the third model was chosen to represent 
the predicted room moisture production for this experiment.  The general  
prediction model is :  
Y = -1.529+0. if383H^+0 .3484FA*T-0.2260T^ [21 ]  
where Y = logarithm to base 10 of the moisture removal 
rate in Ib/hr per pig 
H = 1/100 of the average body weight,  lb 
2 FA = occupied f loor surface area,  f t  /pig 
T = 1/100 of the inside air  temperature,  F 
One of the shortcomings of using a regression model that  does not 
include al l  of the significant independent variables is  whether the model 
does,  in fact ,  represent the population of observed data.  Of part icular 
interest  is  the effect  of hour of the day. Using the same independent 
variables used in the general  regression model (Equation 21),  regression 
models were developed for each third-hour observation t ime to determine 
hour 's  effect  on room moisture production (Table 23).  The "poorest" 
model accounted for about 36 percent of the variation which occurred at  
the midnight hour.  At 6 pm, 76.5 percent of the variation was explained 
by the model.  The fact  that  the third-hour models are able to account 
for the least  amount of variation during the late night and early morning 
period and the greatest  amount during the late afternoon appears 
contrary to what would be expected.  Generally,  the outside air  moisture 
content variation is  lowest during the late night and early morning. 
Table 23.  Third-hour regression models 
Partial  regression coefficients ± standard error of estimate 
by HR Intercept H2 FA'VT T2 P.^ 
000 
-1 .3286**10.2668 0.3751* ±0.1506 0.2842* ±0.1186 -0.3062 ±0.2400 0.3636** 
300 -1 
îVïV 
.4802 ±0.2348 0.4039 ±0.1395 0.3519**10.1122 -0.3481 10.2082 0.4465** 
600 -1 .6116**±0.2234 0.3714**±0.1311 0.3969**±0.1051 -0.2801 10.1965 0.4967** 
900 -1 
,  A* 
.9412 ±0.2917 0.4045**±0.1387 0.5264**10.1163 -0.1273 10.2834 0.6274** 
1200 -1 
sVA ,  
.3395 ±0.2304 0.3884**±0.1033 0.2960**10.1003 -0.3200 10.2167 0.7145** 
1500 -1 
_ îVîV 
.6775 ±0.2377 0.4973**±0.0915 0.3040**10.0901 0.1264 10.1903 0.7480** 
1800 -1.0793**±0.2388 0.5473**10.0924 0.2142* 10.0806 -0.4443*10.1921 0.7652** 
2100 -1 .1401 ±0.2841 0.3506* ±0.1416 0.2424* ±0.1095 -0.4185 ±0.2394 0.4216** 
*P S 0.05.  
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Therefore,  the third-hour variation during this period must be due to the 
inside air  variations.  Further investigation revealed that  although 
moisture production was lowest during the late night and early morning 
hours,  the greatest  variation in the inside thermal environment occurred 
during the same period.  I t  is  theorized that  the variation was due 
primarily to space heater operation.  As much as a 5°F range in inside 
air  temperature was not uncommon during an hour.  The inside temperature 
and the fact  that  heated air  was blown towards one end of the room, 
caused differential  f loor evaporation.  
Each third-hour model in Table 23 can be expressed in equation 
form similar to the general  model (Equation 21).  Applying a set  of values 
to the independent variables in each equation,  third.-hour room moisture 
production estimates can be calculated.  Consider a pig weighing 35 lb 
2 in an 80°F room with an al lotted floor surface area of 2.4 f t  .  Figure 16 
shows the predicted room moisture production varies from a low of about 
0.104 Ib/hr during early morning to a high of about 0.130 Ib/hr at  
1800 hr.  The general  regression model predicted a value of 0.112 Ib/hr.  
Much of the hour-to-hour variation is  explained by viewing the pigs 
activity over the 24-hour period.  Activity level,  defined as the number 
of pigs moving about,  was observed to be lowest during the early morning 
hours,  even with the l ights on continuously,  because the pigs are least  
l ikely to be disturbed by a person entering the room or by any external 
commotion. 
Based on the above discussion and the results  shown in Figure 16,  
there is  some question whether the general  regression model does represent 
0.13 •-
j= 
^  0 . 1 2  
0 . 1 1  • -
E 0 .10  
I 
® Third-hour models 
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Figure 16.  Example of predicted room moisture production based on 35 lb pig 
weight,  80°F room temperature and 2.4 f t^/pig floor surface area 
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the population of observations.  An F-statist ic was used to test  the 
heterogeneity of the hourly observations.  Using the sum of squares from 
each third-hour model,  a  mean square for error was calculated and compared 
to the mean square for treatment (pooled data).  The observed F value was 
less than the required F at  the 5 percent level of significance.  There­
fore,  we accept the null  hypothesis and conclude that  there are no real  
differences among the hours and the general  regression model.  Equation 21,  
does represent the population of observations for this experiment.  
Using Equation 21,  regression curves of room moisture production as 
a function of pig weight,  air  temperature and occupied f loor area are 
plotted in Figures 17,  18 and 19.  The f igures also include plots of 
adjusted regression curves calculated using Bond, Kelly and Heitman's 
model.  Equation 10.  A 42 percent reduction factor was applied to 
Equation 10 based on the results  of Harman et  al .  (1968) on room moisture 
production from a fully slotted-floor building as compared to a solid 
f loor.  This reduction factor is  commonly used in practice.  
The dashed portion of each curve in Figures 17,  18 and 19 show the 
region where too few observations were obtained to accurately predict  
room moisture production in this experiment.  Nearly 80 percent of the 
total  number of observations were below the 45-1b level.  
The results  clearly show that  the modified Bond, Kelly and Heitman 
model does not adequately predict  the room moisture production of the 
nursery facil i ty studied in this experiment.  Unlike the Bond, Kelly 
and Heitman curves,  the curves generated from this experiment show 
moisture production varies l inearly with respect to inside air  temperature 
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at a given pig body weight.  This is  at tr ibuted to the fluctuations in 
the inside thermal environment.  As noted earl ier ,  a variation in inside 
temperature of up to 5°F within an hour was not uncommon due to the 
operation of the space heater.  
Relative humidity is  another factor affecting the variation In room 
moisture production.  Harman et  al .  (1968) observed in their  study of 
different f loor types that  the room maintaining the highest  relative 
humidity also had the most moisture being exhausted from the room. 
However,  the researchers noted that  the higher relative humidit ies 
decreased surface evaporation which resulted in a decrease in the 
differences among the moisture-vapor-removal rates observed for the 
different f loor types.  Because relative humidity was not maintained at  a 
constant level in this experiment,  the observed room moisture production 
at  one inside air  temperature was highly variable which lessened 
temperature 's  effect  on moisture production.  The f luctuations in relative 
humidity are also considered the major cause in the amount of variation 
not explained by the regression models developed in this experiment.  
The posit ions of the curves for the three floor surface areas 
(Figures 17,  18 and 19) with respect to moisture production show that  
f loor area had a profound affect  on room moisture production.  The 
influence of f loor area is  shown in the change in moisture production 
at  a given temperature.  At 75°F, the predicted moisture production 
2 2 increases over 40 percent from 2.4 f t  /pig (Figure 17) to 3.0 f t  /pig 
(Figure 19).  At 90°F, moisture production increases over 50 percent 
between the same f loor areas.  These dramatic increases must not be 
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misinterpreted as being applicable to all  buildings because the results  
of this experiment are based on one building under a l imited set  of f loor 
areas,  animal weights and environmental  conditions.  
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SUMMARY 
Regression models for predicting room moisture production were 
developed for a fully slotted-floor nursery facil i ty.  The slotted floor 
consisted of 5 in.  concrete slats spaced approximately 1 in.  apart .  The 
facil i ty was operated as a commercial  unit  with the exception that  some 
pigs at tained weights greater than is  normally found in a swine nursery.  
Due to a prolonged period of severely cold weather,  there was a delay in 
moving the larger animals to an open lot  f inishing unit .  Unlike the 
results  of previous laboratory studies,  the rate of moisture removal 
observed in this investigation was highly variable.  Some specific 
conclusions that  may be derived from this study are:  
1.  The most important,  measurable independent variable in estimating 
room moisture production for a fully slotted-floor nursery is  
size of the animal—commonly expressed in terms of body surface 
area or body weight.  
2.  Floor surface area per pig as related to air  temperature is  the 
second most important variable in estimating room moisture 
production.  The greater the f loor area allotted per pig,  the 
higher the level of room moisture production.  
3.  Time of day is  a highly significant variable.  
4.  The Bond, Kelly and Heitman regression equation as modified by 
Harman et  al .  for fully slotted floors did not adequately 
predict  room moisture production.  
5.  The high degree of variation in room moisture production makes 
determining venti lat ion rates for moisture control  very 
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difficult .  A rel iable method of sensing inside relative humidi 
must be developed to minimize air  exchange rates which,  in turn 
will  conserve electrical  energy for fan operation and thermal 
energy for supplemental  heat .  
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SUMMARY AND DISCUSSION 
A computer model was developed to predict  the thermal and electrical  
energy required to provide a controlled atmospheric environment for l ife-
cycle swine production.  Using ten years of 3-hour January weather data 
recorded in central  Iowa, the simulation estimated the total  energy 
requirements of a swine facil i ty based on building construction,  f loor 
type,  and environmental  management choices.  The results  of this study 
showed that  in an environmentally controlled swine building with moderate 
to good levels of insulation,  the heat loss in the venti lat ion air  much 
exceeds the heat loss through the building envelope.  In addit ion,  f loor 
type plays an important role in determining the energy use.  Buildings 
employing slotted floors,  venti lated at  published recommended winter 
rates,  show lower relative humidit ies than do buildings with solid 
f loors.  
Based on the conclusions of the f irst  study, a second investigation 
was undertaken to determine the measurable physical  parameters having the 
greatest  effect  on room moisture production of a fully slotted-floor 
nursery facil i ty and to develop a mathematical  model predicting the 
quanti ty of moisture that  must be removed by the venti lat ion system. 
Using third-hour observations from continuous recordings of the internal 
and external environmental  conditions,  multiple regression models were 
developed predicting the room moisture production.  The results  of this 
investigation showed that  body size and f loor surface area with respect 
to temperature were the two most important parameters.  In addit ion,  
published moisture production data did not adequately predict  the room 
168 
moisture production observed in this experiment.  
In summary, winter venti lat ion rates must be determined by room 
relative humidity to achieve minimum energy use in environmentally 
controlled swine facil i t ies.  Because published room moisture production 
data do not account for variations in internal and external air  conditions 
and occupied f loor area,  a reliable method of sensing inside relative 
humidity must be developed to control  fan operation and, in turn,  
minimize air  exchange. 
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RECOMMENDATIONS FOR FURTHER STUDY 
Based on the results  of this investigation,  suggestions for further 
research are directed towards the collection of more room moisture 
production data from swine facil i t ies:  
1.  Investigation of various f loor types and manure management 
practices such as flushed open gutter,  mechanical  scraper 
system and the Y-gutter storage.  
2.  Determination of the effect  of in-floor heat on f loor 
evaporation.  
3.  Research the effect  of relative humidity on f loor,  building 
and animal surfaces.  
4.  Development of a rel iable relative humidity sensor for use 
in an automatic control  system. 
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